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found on pages 48-59, will be submitted to the Ceramics International.
Paper III: Room Temperature Mechanical Properties of a High-Entropy Diboride,
found on pages 60-76, will be submitted to the International Journal of Applied Ceramic
Technology.
Paper IV: Elevated Temperature Mechanical Properties of a High-Entropy Diboride,
found on pages 77-90, is intended for submission to the Journal of American Ceramic
Society.
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ABSTRACT

This research focuses on the elevated mechanical properties of diboride based materials at room and elevated temperatures. These materials include a ZrB2 ceramic, a
ZrB2 -WC-SiC ceramic, and a (Hf,Mo,Nb,Ta,W,Zr)B2 high entropy boride (HEB). The
room temperature flexural strength for the ZrB2 ceramic was 447 MPa and the fracture
toughness was 2.3 MPa·m1/2 . The strength decreased to 196 MPa at 1800°C, and then
increased to 360 MPa at 2300°C. The fracture toughness increased to 3.1 MPa·m1/2 at
2200°C. The strength up to 1800°C was likely controlled by a combination of effects: surface damage from oxidation of the specimens, stress relaxation, and decreases in the elastic
modulus, while the largest grain size plus pore to be the critical flaw size for strengths above
1800°C. The room temperature strength of the ZrB2 -WC-SiC ceramic was measured to be
510 MPa and stayed consistent with increasing temperature, still maintaining 520 MPa at
2100°C. The small WC and SiC addition are believed to aid in the strength retention by the
removal of oxide impurities from the microstructure, and in the case of SiC provide some
amount of oxidation protection.
The room temperature mechanical properties of the (Hf,Mo,Nb,Ta,W,Zr)B2 were
measured; flexural strength was 528 ± 53 MPa, Young’s modulus was 520 ± 12 GPa,
fracture toughness was 3.9 ± 1.2 MPa·m1/2 and hardness was 33.1 ± 1.1 GPa. Strength
decreased from ∼530 MPa at room temperature to ∼180 MPa at 1000°C. Strength then
increased to ∼570 MPa at 1200°C and kept gradually increasing to ∼800 MPa at 1600°C.
Fracture toughness decreased from ∼3.9 MPa·m1/2 at room temperature to ∼3.1 MPa·m1/2 at
1200°C before increasing to ∼6.5 MPa·m1/2 at 1600°C. A Griffith type analysis determined
the strength-limiting flaw of the HEB material to be the largest grains in the microstructure
for all temperatures except 1000°C.
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SECTION

1. INTRODUCTION

The research discussed in this dissertation contains information about room and
elevated temperature mechanical properties of a nominally pure ZrB2 produced from high
purity starting powders, a ZrB2 -WC-SiC ceramic, and a (Hf,Mo,Nb,Ta,W,Zr)B2 high entropy boride (HEB).
Studies on the elevated temperature mechanical properties of nominally phase pure
ZrB2 ceramics have not been common in the technical literature. Rhodes et al. was one of
the first to report the elevated temperature mechanical properties of a nominally phase pure
ZrB2 ceramic, but powder quality in the 1970s likely contained a variety of impurities that
reduced the strengths at the most extreme temperatures.[1] Neuman et al. researched the
elevated temperature mechanical properties of a nominally phase pure ZrB2 ceramic with
a 0.5 wt% C addition utilizing commercial grade powders in his study in the early 2010s
and also found a reduction of strength at the highest temperatures, albeit maintaining higher
strengths than Rhodes et al. at the highest temperatures.[3] Based on the Neuman et al.
study, even modern-day commercial ZrB2 powders still contain a variety of impurities, but
likely at a reduced amount compared to the Rhodes et al. study. As such, some questions
pertaining to the elevated temperature mechanical properties of a high purity ZrB2 ceramic
will be investigated in this dissertation.
In other recent studies, ZrB2 based ceramics with WC and SiC additions have been
shown to exhibit excellent strength retention out to elevated temperatures.[4–6] The WC
addition aids in the removal of oxide impurities from the ZrB2 powder particles and also
forms a core-shell microstructure consisting of a (Zr,W)B2 solid solution phase (shell)
surrounding nominally pure ZrB2 cores.[7, 8] The core-shell microstructure is believed to
aid in the high strength retention out to elevated temperatures.[4] Some questions pertaining
to the elevated temperature mechanical properties of a ZrB2 -WC-SiC ceramic will also
investigated in this dissertation.
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High entropy alloys are a newer area of research and have since received a significant
amount of interest.[9–12] The principle behind these materials is that the increase in configurational entropy allows the stabilization of 4 or more transition metals in complete solid
solution. Recently, the high entropy principle was brought to the field of ceramics, including
boride-based ceramics or high entropy borides (HEBs).[13–16] The elevated temperature
mechanical properties of HEBs is not known as most mechanical properties studies have
focused on room temperature properties.[13, 17, 18] Some questions pertaining to the room
and elevated temperature mechanical properties of a (Hf,Mo,Nb,Ta,W,Zr)B2 HEB will be
investigated in this dissertation.
The focus of this dissertation was to investigate the room and elevated temperature mechanical properties of a nominally pure ZrB2 , a ZrB2 -WC-SiC ceramic, and a
(Hf,Mo,Nb,Ta,W,Zr)B2 high entropy boride. The goal of this work was to determine the
microstructural-mechanical properties relationships of these ceramics. To perform this
research, high purity ZrB2 was produced from high purity starting powders of ZrO2 and
amorphous boron. This higher purity ZrB2 allowed for an elevated mechanical properties
study with a lower impurity content compared to previous research studies and served as the
base material for the ZrB2 -WC-SiC ceramic mechanical properties study. Finally, high purity starting materials were utilized to synthesize single phase, nominally pure high entropy
boride ceramics to investigate the room and elevated temperature mechanical properties.
For this work, several questions guided the research, which include:
• What are the room and elevated temperature mechanical properties of a nominally
phase pure ZrB2 ceramic, and what are the microstructural-mechanical property
relationships for this material?
• What are the room and elevated temperature mechanical properties of a ZrB2 -WCSiC ceramic, which utilizes the high purity ZrB2 , and what are the microstructuralmechanical property relationships for this material?
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• What are the room and elevated temperature mechanical properties of
a (Hf,Mo,Nb,Ta,W,Zr)B2 h igh entropy boride, and what are the microstructuralmechanical property relationships for this material?
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2. LITERATURE REVIEW

2.1. ZIRCONIUM DIBORIDE
Zirconium diboride (ZrB2 ) is an ultra-high temperature ceramic (UHTC) that has
potential use as a structural material in extreme environments. UHTCs are transition
metal boride, carbide, and nitride materials that have melting temperatures greater than
3000°C.[19, 20] ZrB2 has a low density (∼ 6.1 g/cm3 ), as well as high strength (400
to 600 MPa), high modulus (515-525 GPa), and a low fracture toughness that is typical
for many structure ceramics that do not contain a reinforcing phase (3-4 MPa·m1/2 ). In
particular, the high melting temperature, low density, and potential for high strength at
elevated temperatures makes ZrB2 of interest in the ultra-high temperature community.[21–
23] Other properties that make ZrB2 interesting are its high thermal conductivity (60-125
W·(m·K)−1 ) and low electrical resistivity (7.8-22 𝜇Ω cm).[22, 23]
ZrB2 has a hexagonal crystal structure, AlB2 , with a space ground of P6/mmm.[21,
24, 25] The ZrB2 is comprised of alternating layers of close-packed plans of Zr atoms and
sheets of covalently-bonded B atoms (Figure 2.1). The lattice parameters of the primitive
unit cell of ZrB2 are 𝑎 = ∼ 3.168 and 𝑐 = ∼ 3.168 (PDF 00-034-0423). Each zirconium atom
has 12 boron neighbors of equal distance, and 6 zirconium neighbors of equal distance. The
bonding between the various elements in ZrB2 are: Zr-Zr bonding is metallic in nature; Zr-B
bonds exhibit a mixture of ionic and covalent bonding; B-B bonds are strongly covalent.
These covalent bonds between the atoms results in a high melting temperature, hardness,
and stiffness.[26]
Okamoto et al. measured the elastic constants of a single crystal of ZrB2 as a
function of temperature from room temperature to ∼1400°C (Figure 2.2).[25] C12 and C13
appear to be unaffected by increasing temperature while C11 , C33 , and C44 decrease with
increasing temperature. Okamoto also measured the Young’s modulus, bulk modulus, shear
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Figure 2.1. (a) ZrB2 unit cell, showing the alternating layers of B and Zr (M). (b) Projection
of the crystal structure along the [0001] direction.[25]

modulus and Poisson’s ratio as a function of temperature (Figure 2.3). Room temperature
Young’s modulus, bulk modulus, shear modulus and Poisson’s ratio was measured to be 526
GPa, 240 GPa, 231 GPa, and 0.135, respectively. The Young’s modulus decreased to ∼ 480
GPa while the Poisson’s ratio increased to ∼ 1.52 at ∼ 1100°C. Neuman et al. and Rhodes
et al. measured the Young’s modulus of hot pressed polycrystalline ZrB2 in air to 1600°C,
and in Ar to 2100°C.[1, 3] At 1100°C, both research studies measured the Young’s modulus
to be ∼ 400 GPa which is approximately 15% lower than Okamoto’s reported value of ∼
470 GPa at the same temperature.
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Figure 2.2. Five independent elastic constants of single-crystal ZrB2 plotted as a function
of temperature.[25]

2.2. PROCESSING OF ZIRCONIUM DIBORIDE BASED CERAMICS
2.2.1. Zirconium Diboride. ZrB2 was first synthesized back in 1901 by Tucker
and Moody by reacting elemental boron and zirconium.[27] Nominally phase pure diboride
materials were able to be produced after Kiessling’s production of higher purity boron
in the 1940s.[28] ZrB2 powders have been successfully synthesized through a variety of
different reactions including carbothermal, carbo/borothermal and borothermal reduction
(Reactions (2.1), (2.2), (2.3) and (2.4)).[27, 29–34] A carbon source is utilized in the
carbothermal and carbo/borothermal reduction reactions which could result as an impurity
in the synthesized powder. Carbon impurities in the material may cause the formation
of an undesired secondary zirconium carbide phase and lower the thermal conductivity in
ZrB2 , as found by Harrington et al.[35] The carbothermal and carbo/borothermal reduction
reactions require temperatures typically >1500°C.[19] A transitional metal oxide (MeO2
such as ZrO2 ) and boron (B) are utilized as the starting materials in the borothermal
reduction reaction which results in little to no carbon or metal impurities in the final MeB2
powder.
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Figure 2.3. Young’s, bulk, shear moduli with Poisson’s ratio plotted for polycrystalline
ZrB2 as a function of temperature.[25]

𝑀𝑒𝑂 2 + 𝐵2 𝑂 3 + 5𝐶 ⇒ 𝑀𝑒𝐵2 + 5𝐶𝑂 (𝑔)

(2.1)

2𝑀𝑒𝑂 2 + 𝐵4𝐶 + 3𝐶 ⇒ 2𝑀𝑒𝐵2 + 4𝐶𝑂 (𝑔)

(2.2)

3𝑀𝑒𝑂 2 + 10𝐵 ⇒ 3𝑀𝑒𝐵2 + 2𝐵2 𝑂 3 (𝑙)

(2.3)

𝑀𝑒𝑂 2 + 4𝐵 ⇒ 𝑀𝑒𝐵2 + (𝐵𝑂)2 (𝑔)

(2.4)

Commercially available ZrB2 powder used to process most ZrB2 ceramics contains
carbon, metal impurities, such as iron, and has also been shown to contain uranium, thorium,
and a variety of other heavy elements. Recent studies have shown that these metal impurities
limit the elevated temperature mechanical properties at temperatures >2000°C.[36–38]
Historical work on densifying boride ceramics required pressure (typically hot pressing) and temperatures in excess of 2200°C.[21] Work performed by Chamberlain et al. was
able to achieve 99.8% dense ZrB2 by hot pressing at 1900°C because of the decreased
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Figure 2.4. Schematic illustrating the reactions responsible for the removal of oxygen
impurities from the surface of ZrB2 particles after being coated in carbon.[43]

particle size from attrition milling the powder prior to sintering.[39] The introduction of
WC from the milling media also helped promote densification by removal of the ZrO2 from
the surface of the particle (Reaction 2.5). Zhang et al. confirmed this reaction, as well as
intermediate reactions that produce W2 C (Reaction 2.6 & 2.7).[40] Neuman et al. was able
to produce high purity ZrB2 ceramics by reactive hot-pressing (RHP) ZrH2 and amorphous
boron.[41] Various isothermal holds were utilized to reduce the oxygen impurities (e.g.,
ZrO2 and B2 O3 ) in the powder. Oxygen impurities are thought to inhibit densification
and promote coarsening of the grains.[42] A carbon addition was also used to help reduce
these oxide impurities. Figure 2.4 illustrates a carbon coated ZrB2 particle and the various
reactions that occur to reduce the surface oxide.[43]

𝑍𝑟𝑂 2 + 3𝑊𝐶− > 𝑍𝑟𝐶 + 2𝐶𝑂 (𝑔) + 3𝑊

(2.5)

2𝑊𝐶− > 𝑊2𝐶 + 𝐶

(2.6)

𝑍𝑟𝑂 2 + 3𝑊2𝐶− > 𝑍𝑟𝐶 + 6𝑊 + 2𝐶𝑂 (𝑔)

(2.7)

2.2.2. Zirconium Diboride - Tungsten Carbide - Silicon Carbide. ZrB2 ceramics
with additions of WC and SiC have historically been densified by hot pressing.[4, 5, 7, 44–
47] Zou et al. reported the production of a highly dense ZrB2 -WC-SiC ceramic containing
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20 vol% SiC and 5 vol% WC with average grain sizes for all the components in the ceramic
to be ∼1 𝜇m.[47] Monteverde and Silvestroni produced a ZrB2 -WC-SiC ceramic containing
3 vol% SiC and 5 vol% WC with high relative density and ∼1.5 𝜇m mean grain size for
the diboride matrix.[5] Monteverde reported a core-rim substructure that was constituted
by a (Zr,W)2 solid solution. Silvestroni et al. further confirmed the core-rim structure and
altered the naming scheme to core-shell.[4] This core-shell structure improved the grain
refinement of the material. Monteverde and Silvestroni also reported WB present within
both studies, likely as a result of WC not being a stable phase during the hot pressing
conditions.[5]
WC has been shown to aid in the sintering of ZrB2 based ceramics.[5, 48, 49] WC
aids in the removal of oxygen-carrying species from the surfaces of the ZrB2 particles,
which can aid in restoring the sinterability of the ceramic.[7, 40, 50] Zou reported the
reduction of various alkaline-earth oxide impurities (MgO, CaO, and Al2 O3 ) in a ZrB2 WC-SiC ceramic.[7] Zhang et al. reported that WC aided in the removal of ZrO2 from the
surfaces of the ZrB2 particles at ∼1850°C.
SiC has been shown to improve sinterability and inhibit grain growth in ZrB2
based ceramics.[51–55] Monteverde produced a ZrB2 -SiC ceramic with 10 vol% SiC and
determined that the SiC aided in the sinterability of the ZrB2 by assisting in the removal of
oxygen impurities and by promoting a small amount of liquid phase sintering.[54] Hwang
et al. reported highly dense (> 99%) ZrB2 -SiC ceramics utilizing ∼22 vol% of a ∼40 nm
SiC powder that was dispersed in a colloidal solution.[55] The SiC powder particles were
also believed to aid in liquid phase sintering of their material by the softening of the oxide
layer on the SiC powder particles at the hot pressing temperature of 1650°C.
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Figure 2.5. ZrB2 oxidation shown for the three temperature regimes.[56]

2.3. OXIDATION BEHAVIOR OF ZIRCONIUM DIBORIDE
ZrB2 oxidizes when exposed to air above ∼700°C which can result in the formation
of an undesirable oxide scale comprised of ZrO2 and B2 O3 .[21] This reaction is shown in
Reaction 2.8 and is favorable at all temperatures.

𝑍𝑟 𝐵2 + 5/2𝑂 2 − > 𝑍𝑟𝑂 2 (𝑔) + 𝐵2 𝑂 3 (𝑙, 𝑔)

(2.8)

Oxidation of nominally phase pure ZrB2 experiences three different regimes as a
function of temperature. In the first regime, <1000°C, oxidation is controlled by oxygen
diffusion through a liquid boria layer that surrounds ZrO2 grains.[56–59] This scale grows
at the ZrB2 /ZrO2 layer and is generally protective in nature. The ZrO2 at this boundary
is columnar in structure. In the next regime, >1000°C to <1800°C, boria liquid begins to
vaporize and becomes no longer protective.[56] In the final regime, >1800°C, the boria
liquid vaporizes and boria gas is formed at the ZrB2 /ZrO2 layer. This is limited by the
rate of diffusion through the porous ZrO2 channels. Figure 2.5 shows these temperature
regimes. Additionally, Figure 2.6 shows the microstructure for the <1000°C regime and
the >1000°C to <1800°C regime.
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Figure 2.6. Oxidation of nominally pure ZrB2 in air at 𝑎 900°C for 8 hours and 𝑏 1500°C
for 2 hours.[60]

2.4. CORE-SHELL MICROSTRUCTURE OF ZIRCONIUM DIBORIDE
The formation of a core-shell microstructure in ZrB2 when doped with transition
metals such as W, Ta, and Mo is a recent area of interest for the UHTC community.[4–
6, 8, 47, 61–66] Zou et al. tested the elevated mechanical properties of a ZrB2 - 20
vol% - 5 vol% WC ceramic and found the room temperature strength was retained up to
1600°C, but did not observe the core-shell microstructure in the ceramic. Monteverde and
Silvestroni mechanically tested various ZrB2 -WC-SiC compositions and observed the core-
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shell microstructure of a (Zr,W)B2 solid solution shell surrounding a ZrB2 nuclei (core)
within the ceramic.[5] Tungsten has a reported solubility limit of 8 mol% in ZrB2 .[7, 48] Dai
et al. utilized density function theory to determine that W can segregate at grain boundaries
of ZrB2 and can then enhance the grain boundary strength of the material.[67] Dai et
al. also reported the segregation of W in ZrB2 grain boundaries utilizing first-principles
calculations.[68] Dai et al. determined the W-B bonds can induce a local contraction around
the grain which in turn can strengthen them. They utilized a hybrid method of combining
Monte Carlo and molecular dynamics models to examine the effects of W segregation on
grain boundary strengths.[62] Machine learning was utilized and predicted that W prefers
grain boundary locations with local compression strains due to its smaller atomic radius
compared to Zr. Ma et al. produced a ZrB2 - 20 vol% - 5 vol% WC ceramic and found
W segregation at the grain boundaries which introduced a compressive stress on the grain
boundaries which may provide a pinning effect may reduce the grain boundary sliding that
would occur at elevated temperatures.[63]

2.5. ROOM TEMPERATURE MECHANICAL PROPERTIES OF ZIRCONIUM DIBORIDE BASED CERAMICS
2.5.1. Zirconium Diboride. Various mechanical properties for nominally pure
ZrB2 ceramics are summarized in Table 2.1. Elastic modulus ranges from ∼ 350 GPa
to ∼ 540 GPa. Meléndez-Martínez et al. reported the elastic modulus of a ZrB2 produced
by hot pressing commercial grade powders at 1900°C to be ∼350 GPa.[2] This lower elastic
modulus was reported to be because of the high amount (∼13 vol%) of porosity within the
ceramic. Guo et al. reported an elastic modulus of ∼500 GPa for a reactively spark plasma
sintered ZrB2 starting from zirconium hydride and amorphous boron.[69] Neuman et al.
reported the elastic modulus for a reactively hot pressed ZrB2 synthesized from zirconium
hydride and amorphous boron to be 542 GPa and attributed this high modulus to the stoichiometry or residual stress state of the material.[70] Fracture toughness values in the range
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of 1.9 to 3.8 MPa·m1/2 have been reported for ZrB2 ceramics. Neuman reported a fracture
toughness of 3.8 MPa·m1/2 with the fracture mode being predominantly transgranular.[70]
Murchie et al. reported a fracture toughness of ∼2.3 MPa·m1/2 for a borothermally synthesized ZrB2 ceramic hot pressed at 2000°C which is comparable to other chevron notch beam
fracture toughness measurements.[2, 71] Chamberlain et al. hot pressed commercial grade
ZrB2 that contained a ∼2 vol% WC contamination from the attrition milling media and
reported a strength of 565 MPa with ∼6 𝜇m average grain size.[39] Neuman et al. reported
strengths of ∼400 MPa for hot pressed ZrB2 using commercial grade powders at 2150°C
with ∼30 𝜇m average grain size.[72] Additional studies by Neuman et al. determined that
the strength of ZrB2 ceramics follows an inverse square root relation with grain size.[73]
2.5.2. Zirconium Diboride - Tungsten Carbide - Silicon Carbide. Mechanical
properties for various ZrB2 -SiC-WC compositions are shown in Table 2.2. Monteverde and
Silvestroni were one of the first to report strengths for additions of SiC and WC in ZrB2
based ceramics.[4, 5] The highest strengths reported for these compositions was ∼630 MPa
for a 3 vol% SiC and 5 vol% WC addition. These additions are believed to have formed
core-shell microstructures that enhance the mechanical properties of the ceramic.[4, 5, 8]
Additionally, WC has shown to aid in the sintering of ZrB2 based ceramics.[5, 48, 49] The
removal of oxygen-carrying species from the surfaces of the ZrB2 particles by adding WC
can aid in restoring the sinterability of the material.[50]

Table 2.1. Relative density, Vickers hardness, fracture toughness, and 4-point flexural strength of ZrB2 .
Composition

Relative Density
(%)

Grain Size
(𝜇𝑚)

Elastic Modulus
(GPa)

Hardness
(GPa)

ZrB2
ZrB2
ZrB2
ZrB2
ZrB2
ZrB2
ZrB2
ZrB2
ZrB2
ZrB2
ZrB2
ZrB2
ZrB2

87
90
90.4
∼95
95.8
96.7
97
97.2
97.9
98
>98
∼99
98.8

10
6.1
8.8
10
28 ± 17
8.1
5.4 ± 2.8
7.2 ± 4.9
9.1
20
∼6

346 ± 4
417
502 ± 11
479 ± 8
498
542
454
491 ± 34
489

8.7 ± 0.4
16.1 ± 1.1
16.5 ± 0.9
13.0 ± 0.7
16.7 ± 0.6
14.6 ± 0.7
14.5 ± 2.6
14.7 ± 0.8
23 ± 0.9

𝑐

Fracture toughness Flexural Strength
(MPa)
(MPa·m1/2 )
2.4 ± 0.2𝑐
1.9 ± 0.4
4.8 ± 0.4
2.3 ± 0.3𝑐
3.6 ± 0.3
3.2 ± 0.2
2.8 ± 0.1
3.8 ± 0.4
3.5 ± 0.3 𝐼

350 ± 30
325 ± 353
457 ± 58
447 ± 36
450 ± 403
398 ± 33
452 ± 27
491 ± 22
508 ± 59
444 ± 30
300 ± 40
326 ± 46
565 ± 53

Ref.
[2, 74, 75]
[76]
[77–79]
[71]
[80]
[72]
[81]
[69]
[70]
[48, 82]
[83]
[1]
[39, 84, 85]

Chevron notched beam, 𝐼 Indentation strength in bending, 3 Three-point flexure
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Table 2.2. Composition, relative density, and 4-point flexural strength of ZrB2 -SiC-WC.
Initial composition (vol%)

Relative Density
(%)

Grain Size
(𝜇𝑚)

Flexural Strength
(MPa)

Ref.

ZrB2 , 3 SiC, 5 WC
ZrB2 , 15 SiC, 5 WC
ZrB2 , 15 SiC, 5 WC
ZrB2 , 20 SiC, 5 WC

>99.9
93.8
99
>99

1.8 ± 0.6
1.5 ± 0.5
∼5
1.1

628 ± 76
543 ± 41
505 ± 60
∼6003

[4, 5]
[5]
[6]
[47]

3

Three-point flexure

2.6. ELEVATED TEMPERATURE MECHANICAL PROPERTIES OF ZIRCONIUM
DIBORIDE BASED CERAMICS
2.6.1. Zirconium Diboride - Elastic Modulus. The elastic modulus as a function
of temperature for hot pressed ZrB2 is shown in Figure 2.7. Limited experimental data is
available for the elastic behavior of ZrB2 at elevated temperatures. Recently, Zakarian et
al. developed a model based on first principles describing the temperature dependence of
elastic modulus of borides, carbides, and other materials.[86] Rhodes et al. reported the
elastic modulus for bulk ZrB2 up to 2100°C in an inert atmosphere.[1] Room temperature
elastic modulus was reported as ∼500 GPa, but decreased to ∼100 GPa at 2100°C. Rhode’s
initial data matched well with Zakarian’s model up to ∼800°C. Neuman et al. reported
the elastic modulus of a nominally pure ZrB2 containing 0.5 wt% C as a sintering aid to
2300°C.[87] The room temperature modulus was ∼500 GPa, matching Zakarian’s model
up to ∼1200°C, where it started to deviate below Zakarians’s model. The elastic modulus
of the ZrB2 Neuman et al. studied did start to match more closely at ∼2000°C and above.
Okamoto et al. reported the elastic modulus of single crystal ZrB2 to be ∼525 GPa at
room temperature decreasing to ∼490 GPa at ∼1100°C which aligns well with Zakarian’s
model.[88]
2.6.2. Zirconium Diboride - Flexural Strength. Elevated temperature mechanical
properties of nominally phase pure ZrB2 ceramics are shown in Figure 2.8. Rhodes et al.
reported strengths of hot-pressed ZrB2 up to 2200°C in argon.[1] The room temperature
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Figure 2.7. Elastic modulus as a function of temperature for hot pressed ZrB2 . [1, 3, 86, 87]

strength was ∼330 MPa, increasing to ∼425 MPa at 800°C before decreasing to 50 MPa at
2200°c. Melendez-Martinez et al. reported the strength of ZrB2 , having a relative density
of 86.5%, to be 351 MPa at room temperature decreasing to 219 MPa at 1400°C, in an
air environment.[2] Melendez-Martinez contributed the decrease in strength at elevated
temperatures due to an increasing amount of surface oxidation damage. Neuman et al.
reported the strength of commercial-grade ZrB2 with a small carbon addition (0.5 wt%)
to be ∼ 380 MPa at room temperature, and then decreasing to 170 MPa at 2300°C.[3]
Contamination from the WC-Co media used to ball mill the ceramic, likely lowered the
strength at the higher temperatures for Neuman’s study.
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Figure 2.8. Flexural strength in four-point bending as a function of temperature for ZrB2
ceramics tested in air and argon. [1–3, 81]

2.6.3. Zirconium Diboride - Fracture Toughness. There are limited fracture
toughness measurements reported for nominally phase pure ZrB2 ceramics at elevated
temperatures. Neuman reported a room temperature fracture toughness of ∼2.9 MPa·m1/2
and a peak fracture toughness of ∼5.2 MPa·m1/2 at 1200°C. Fracture toughness then decreased to ∼3.6 MPa·m1/2 at 2300°C.[73, 87] Neuman attributed this increase in fracture
toughness to oxidation blunting the crack tip at the specimen surface. Kalish et al. reported
an increasing amount of transgranular fracture in ZrB2 , from ∼20% to ∼60% from room
temperature to 1000°C, respectively.[89]
2.6.4. Zirconium Diboride - Tungsten Carbide - Silicon Carbide Flexural
Strength. Figure 2.9 shows the elevated flexural strength for several ZrB2 ceramics containing WC and SiC. Zou et al. measured the three point bending strength of a hot pressed
high purity ZrB2 ceramic containing 20 vol% SiC and 5 vol% WC commercial powder in,
finding that strength increased from room temperature ∼600 MPa to ∼670 MPa.[47] Monteverde et al. reported the strength of two different hot pressed ZrB2 ceramics containing
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Figure 2.9. Composition and 4-point flexural strength of ZrB2 -SiC-WC ceramics at elevated
temperatures.[4–6, 47] 3 annotates three point bending strengths.

SiC and WC.[4, 5] The first ZrB2 ceramic contained 3 vol% SiC and 5 vol% WC and had
a room temperature strength of ∼630 MPa increasing to ∼725 MPa at 1500°C. The second
ZrB2 ceramic contained 15 vol% SiC and 5 vol% WC and had a room temperature strength
of ∼540 MPa decreasing to ∼425 MPa at 1500°C. In a follow-up study, Silvestroni et al.
reported the strengths of the ZrB2 ceramic containing 3 vol% SiC and 5 vol% WC up to
2100°C and found that strength increased from ∼630 MPa at room temperature to ∼830
MPa at 1800°C before decreasing to ∼660 MPa at 2100°C.[4] Silvestroni determined that
the formation of a core-shell microstructure was the most plausible mechanism for strength
retention out to 2100°C. Vedel et al. recently reported the 3-point bend strengths of a hot
pressed ZrB2 ceramic containing 15 vol% SiC and 5 vol% WC at room temperature to be
∼500 MPa increasing to ∼ 800 MPa at 1800°C.[6]
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Figure 2.10. Illustration of the atomic structure of high-entorpy diborides. M1 , M2 , M3 ,
M4 , M5 represent the various transitional metals.[13]

2.7. HIGH ENTROPY DIBORIDES
High entropy borides (HEBs) are a class of solid solution materials that contain
four or more metallic components in equimolar ratio. They have attracted increasing
amounts of attention due to their hardness, thermal and electrical conductivities, mechanical
properties, radiation damage tolerance, mechanical properties, and the ability to tailor
properties to a specific use case versus diboride ceramics containing only a single transition
metal.[13, 21, 90–95] The stabilization obtained by the high entropy approach allows for
the stabilization of elements in a structure that were not previously possible without this
concept.[15] Figure 2.10 shows the atomic structure of a high entropy diboride
The initial research for high entropy materials started with high entropy alloys
(HEAs) and has since received a significant amount of interest in their fabrication and
properties.[10–12] HEAs are based on maximizing the configurational entropy of the solidsolution phase to compact the formation of intermetallic phases. Four or more elements are
mixed in equimolar concentration to maximize the configurational entropy.[96] Refractory
high entropy alloys (RHEAs) are alloys based on equimolar ratios of four or more refractory
metals such as Cr, Hf, Mo, Nb, Re, Ta, V, W, and Zr. RHEA may offer higher strength
and better oxidation resistance at elevated temperature than traditional metal alloys.[97, 98]
Additionally, refractory complex concentrated alloys (RCCAs) which consist of 3 or more
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principal elements and may also contain several non-principal elements are another area of
interest.[99] These non-principal elements are added to further improve the properties of
the principal composition. RHEAs are considered a sub-class of RCCAs.
2.7.1. Theory. The reduction of the Gibbs’ free energy (𝐺) and the maximization
of the entropy (𝑆) in Equation 2.9 is the primary principle behind the formation of high
entropy materials. 𝐻 is enthalpy and 𝑇 is absolute temperature.

𝐺 = 𝐻 − 𝑇𝑆

(2.9)

Increasing the configurational entropy is achieved by increasing the number of
species (𝑁) within the system (Equation 2.10).[100, 101] 𝑅 is the universal gas constant.

𝑆 = 𝑅𝑙𝑛𝑁

(2.10)

2.7.2. Processing. HEBs have been synthesized by several methods.[17, 102–106]
Tallarita et al. synthesized a (Hf,Mo,Nb,Ta,Ti)B2 ceramic by self-propagating high temperature synthesis using elemental metal powders and boron.[102] The powders were then
consolidated by spark plasma sintering (SPS) and a produced a ceramic with a relative
density of 92.5%. Wen et al. synthesized (Hf,Ti,Zr)B2 and (Nb,Ta,Ti)B2 ceramics by a
molten salt synthesis method at 1100°C with 30% excess B.[104] A nanorod morphology
with diameters of 20-40 nm and lengths of 100-200 nm was achieved using this method.
Residual NaCl/KCl salts and B2 O3 were present in the powder and required a washing step to
remove them. Zhang et al. utilized vacuum boro/carbothermal reduction reaction at 1600°C
to synthesize several HEB compositions and then sintered the powders by SPS at 2000°C
producing relative densities ranged from 96.3% to 98.5%. [105] The sintered specimens
contained oxide impurities due to being non-stoichiometric with respect to the requisite
reaction. Liu et al. synthesized a (Hf,Nb,Ta,Ti,Zr)B2 ceramic utilizing the borothermal
reduction reaction of oxide powders and B at 1700°C under vacuum which resulted in a
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powder with an average particle size of ∼ 310 nm.[103] Zhang et al. also synthesized several HEB powders by the borothermal reduction reaction at 1600°C under vacuum achieved
relative densities in the range of 95% to 99.2% using SPS.[17] Feng et al. synthesized (Hf,
Nb,Ta,Ti,Zr)B2 by a two-step process method consisting of a boro/carbothermal reduction
followed by solid solution formation producing an average particle size of 430 nm and an
oxygen content of 0.3 wt%.[106]
2.7.3. Mechanical Properties. Mechanical properties of HEBs has been limited
due to the novelty of the material and has primarily been focused on reporting hardness.
HEBs have been shown to exhibit higher hardness than single phase borides due to solid
solution hardening.[70, 107, 108]. A variety of HEB compositions have been mechanically
tested as shown in Table 2.3. Zhang et al. reported the hardness for borothermally
synthesized HEB ceramics spark plasma sintered at 2000°C to be in the range of ∼26 to ∼28
GPa.[17] Gild et al. synthesized several HEB compositions using diboride starting powders
and spark plasma sintered at 2000°C to be ∼22.5 GPa.[13] Several HEB compositions were
tested by Zhang et al. in the range of ∼22 to ∼ 27 GPa.[105] Zhang also reported the
fracture toughness using the indentation method with a load of 10 kg for 10 seconds to be in
the range of ∼3.6 to ∼4.5 MPa·m1/2 . Feng et al. reported various mechanical properties for
HEBs synthesized using the boro/carbothermal reduction reaction and then a subsequent
densification step by SPS to be in the range of ∼530 to ∼560 GPa for Young’s modulus and
∼23 to ∼25 GPa for vickers hardness.[109] Feng
There are no reported high temperature mechanical properties studies for any HEB
in the technical literature. However, there are limited amounts of studies on the high
temperature mechanical properties of high entropy carbides. Feng et al. studied the
high temperature mechanical properties of a single-phase (Hf,Nb,Ta,Ti,Zr)C high entropy
carbide at elevated temperatures.[110] Feng synthesized the high entropy carbide using the
carbothermal reduction reaction of the oxides and carbon black at 1600°C. The reacted
powder was then hot pressed at 1900°C with a 32 MPa applied pressure. Feng reported
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strengths of ∼400 MPa from room temperature to 1800°C. While not a high entropy
carbide, Demirskyi et al. reported the high temperature three-point bend strengths of a
ternary (Nb,Ta,Zr)C ceramic from room temperature to 2000°C.[111] The room temperature
strength was ∼460 MPa, increasing to ∼500 MPa at 1600°C before decreasing to ∼140 MPa
at 2000°C.

Table 2.3. Elastic modulus, Vickers hardness, fracture toughness, and 4-point flexural strength of high entropy borides.
Composition
(mol %)

Relative Density
(%)

Grain Size
(𝜇𝑚)

Elastic Modulus
(GPa)

Hardness
(GPa)

(Cr,Hf,Ta,Ti,Zr)B2
(Hf,Mo,Nb,Ti,Zr)B2
(Hf,Mo,Nb,Ta,Ti)B2
(Cr,Hf,Zr,Ta,Ti)B2
(Hf,Mo,Nb,Ti,Zr)B2
(Hf,Mo,Nb,Ta,Ti)B2
(Hf,Nb,Ta,Ti,Zr)B2
(Hf,Mo,Nb,Ti,Zr)B2
(Hf,Mo,Nb,Ta,Ti)B2
(Hf,Ta,Ti,Zr)B2
(Hf,Nb,Ta,Ti,Zr)B2

99.2
97.7
95.0
92.2
92.3
92.2
96.3
98.1
98.5
100
99.5

14 ± 5.5
5.2 ± 2.0

534 ± 7
544 ± 8

28.3 ± 1.6
26.3 ± 0.7
25.9 ± 1.1
21.0 ± 2.8
21.9 ± 1.7
22.5 ± 1.7
21.7 ± 1.1
26.3 ± 1.8
27.0 ± 0.4
23.7 ± 0.3
25.3 ± 0.6

Hardness force Fracture toughness
(kgf)
(MPa·m1/2 )
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

4.06 ± 0.35
3.64 ± 0.36
4.47 ± 0.40
-

Ref.
[17]
[17]
[17]
[13]
[13]
[13]
[105]
[105]
[105]
[109]
[109]
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ABSTRACT
The mechanical properties of a nominally phase pure ZrB2 ceramic were measured
up to 2300°C in an argon atmosphere. ZrB2 was hot-pressed at 2000°C utilizing borothermally synthesized powder from high purity ZrO2 and B raw materials. The relative density
of the ceramics about 95% with an average ZrB2 grain size of 8.8 𝜇m. The room temperature flexural strength was 447 MPa, with strength decreasing to 196 MPa at 1800°C, and
then increasing to 360 MPa at 2300°C. The strength up to 1800°C was likely controlled by a
combination of effects: surface damage from oxidation of the specimens, stress relaxation,
and decreases in the elastic modulus. The strength above 1800°C was controlled by flaws
in the range consistent with sizes of the maximum ZrB2 grain size and the largest pores.
Fracture toughness was 2.3 MPa·m1/2 at room temperature, increasing to 3.1 MPa·m1/2 at
2200°C. The use of higher purity starting materials improved the mechanical behavior in
the ultra-high temperature regime compared to previous studies.
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1. INTRODUCTION
Zirconium diboride (ZrB2 ) is an ultra-high temperature ceramic (UHTC) that has
potential use as a structural material in extreme environments. ZrB2 is of interest because of
its low density (∼ 6.1 g/cm3 ), as well as high strength (400 to 600 MPa), modulus (515-525
GPa), and toughness (3-4 MPa·m1/2 ).[1–3] Other properties that make ZrB2 interesting are
its high thermal conductivity (60-125 W·(m·K)−1 ) and low electrical resistivity (7.8-22 𝜇Ω
cm).[2, 3] These properties make ZrB2 a potential candidate for applications ranging from
molten metal crucibles to leading and trailing edges of hypersonic aerospace vehicles.[1]
Elevated temperature mechanical properties of nominally phase pure ZrB2 ceramics
have not been studied extensively. Rhodes et al. reported strengths of hot-pressed ZrB2 up
to 2200°C in argon in 1970, but only recently have additional studies reported properties
at these extreme temperatures.[4] Melendez-Martinez et al. reported the strength of ZrB2 ,
having a relative density of 86.5%, to be 351 MPa at room temperature decreasing to 219
MPa at 1400°C, in an air environment.[5] Melendez-Martinez attributed the decrease in
strength at elevated temperatures to an increasing amount of surface oxidation damage.
Neuman et al. reported the strength of commercial-grade ZrB2 with a small carbon addition
(0.5 wt%) to be ∼380 MPa at room temperature, and then decreasing to 170 MPa at
2300°C.[6] Neuman achieved a fully dense ceramic with an average grain size of ∼19
𝜇m, but had contamination from the WC-Co media used to ball mill the ceramic raw
materials, likely lowering the strength at the higher temperatures. Neuman later reported
the mechanical properties of ZrB2 with 30 vol% SiC and found regions of Zr-Fe-Co-Si-rich
phases, likely introduced by the iron found in the starting ZrB2 powder and the cobalt picked
up from the WC-Co milling media.[7] Neuman concluded that these impurities resulted in
the marked decrease in strength, particularly above 2000°C.
Commercially available ZrB2 powder used to process most ZrB2 ceramics contains
carbon, metal impurities, such as iron, and has also been shown to contain uranium,
thorium, and a variety of other heavy elements. Recent studies have shown that these metal
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impurities limit the elevated temperature mechanical properties at temperatures at or above
2000°C.[7–9] As such, it is of interest to synthesize higher purity ZrB2 raw materials for
the development of ZrB2 -based ceramics for extreme environment applications.
Transition metal diborides (MeB2 , such as TiB2 , ZrB2 , and HfB2 ) powders have
been successfully synthesized through a variety of different reactions including carbothermal, carbo/borothermal and borothermal reduction (Reactions 1, 2, 3 and 4).[10–12] The
carbothermal and carbo/borothermal reduction reactions both utilize a carbon source which
could remain as an impurity in the synthesized powder. This carbon impurity can result in
the formation of an undesired secondary carbide phase and lower the thermal conductivity
of ZrB2 -based ceramics as found by Harrington et al.[13] These reactions also require temperatures typically >1500°C.[14] The borothermal reduction reaction utilizes a transitional
metal oxide (MeO2 such as ZrO2 ) and boron (B) as the starting materials resulting in little
to no carbon or metal impurities in the MeB2 powder.

𝑀𝑒𝑂 2 + 𝐵2 𝑂 3 + 5𝐶 ⇒ 𝑀𝑒𝐵2 + 5𝐶𝑂 (𝑔)

(1)

2𝑀𝑒𝑂 2 + 𝐵4𝐶 + 3𝐶 ⇒ 2𝑀𝑒𝐵2 + 4𝐶𝑂 (𝑔)

(2)

3𝑀𝑒𝑂 2 + 10𝐵 ⇒ 3𝑀𝑒𝐵2 + 2𝐵2 𝑂 3 (𝑙)

(3)

𝑀𝑒𝑂 2 + 4𝐵 ⇒ 𝑀𝑒𝐵2 + (𝐵𝑂)2 (𝑔)

(4)

Peshev and Bliznokov synthesized TiB2 , ZrB2 and HfB2 powders in a graphite
furnace with temperatures >1700°C in a vacuum of 1.33×10-2 Pa for 1 hour utilizing the
borothermal reduction reaction.[12] This is one of the first reported successful synthesis
experiments for the borothermal reduction reaction. Little research was published on the
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borothermal reduction reaction until Ran et al. successfully synthesized ZrB2 at 1000°C for
two hours under vacuum of ∼15 Pa.[15] This was the first paper showing that the borothermal
reduction reaction could be successfully performed at 1000°C in vacuum. Following Ran’s
procedure, Guo and Zhang were also successful in synthesizing ZrB2 powders at 1000°C
for 2 hours in vacuum <20 Pa.[16] Fahrenholtz et al. reported the borothermal reaction
becomes favorable at 1275°C under standard state conditions, and at 849°C, with a pCO of
15 Pa.[14] Both Ran and Guo performed a reaction attempt at 900°C and <20 Pa, but were
unsuccessful at this temperature.
The goal of the present study was to produce dense, nominally phase pure ZrB2
ceramics and to investigate their mechanical properties at temperatures up to 2300°C.

2. PROCEDURE
2.1. PROCESSING
Commercially available zirconia powder (ZrO2 ; Grade KZ-0Y-LSF, KCM Corporation, Nagoya, Japan) with a reported purity of 99.9% and an average particle size of 200 nm
was combined with amorphous boron (B; Grade 95-97%, CRS Chemicals, Canoga Park,
CA) with a reported purity of ∼96% and an average particle size of ≤1 𝜇m in a 3.25 Zr:B
molar ratio. Powders were mixed using 1/2” cylindrical zirconia milling media for 2 hours
in acetone. The slurry was dried by rotary evaporation (Rotavapor R-124, Buchi, Flawil,
Germany) at a temperature of 60°C, under vacuum (∼16 kPa), and at a rotation speed of
60 rpm. Grinding media was weighed before and after milling to estimate contamination.
The dried powder was passed through a 50 mesh screen prior to uniaxial compression into
a ∼57 mm disc using a 16 MPa load.
Powder compacts were reacted in a resistively heated graphite element furnace
(Model HP50-7010G, Thermal Technology, Santa Rosa, CA) at 1100°C with a heating rate
of 20°C/min and the cooling rate as the natural cooling rate of the furnace (∼10°C/min).
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The reacted powder compacts were then immersed in hot distilled water (∼80°C) for 24
hours to remove any residual boron oxide. The powder was then separated from the liquid
by vacuum filtration, washed with ethanol twice, and dried in a vacuum oven at ∼60°C,
under vacuum (∼16 kPa). The dried powder was then passed through a 50 mesh screen
prior to hot-pressing.
Powders were hot-pressed (Model HP50-7010G, Thermal Technology, Santa Rosa,
CA) in a 63.5 mm square graphite die lined with BN-coated (SP-108; Materion, Milwaukee,
Wisconsin) graphite foil (GTA 0.005 inch, Sealing Devices, Lancaster, NY). A preload of
5 MPa was applied, and the furnace was purged three times with argon. The furnace was
then heated at 20°C/min to 1650°C under vacuum (2 Pa) and held for 2 hours to remove
surface oxides from the powder particles.[17, 18] After the isothermal hold, the furnace
was backfilled with argon and the uniaxial load was increased to 40 MPa. The furnace
was heated at 75°C/min to 2000°C and held for 2 hours. The furnace cooled at the natural
cooling rate of the furnace for 5 minutes before the uniaxial load was removed.

2.2. CHARACTERIZATION
Microstructures were examined using scanning electron microscopy (SEM; Raith
eLine Plus, Dortmund, Germany) after room temperature and elevated temperature testing.
The tensile surfaces of the specimens were examined both as-tested and after polishing, while
the fracture surfaces were examined as-tested. Prior to microscopy, as-tested specimens
were cleaned ultrasonically for 5 minutes in methanol to remove furnace deposits. Polished
specimens were plane ground on the tensile surface to remove exterior defects and polished to
a 0.25 𝜇m surface finish. Grain sizes were measured from SEM images using computerized
image analysis software (ImageJ, National Institutes of Health, Bethesda, MD) by measuring
the Ferets diameter and fitted ellipse of at least 200 grains. Powder was examined by x-ray
diffraction (XRD) utilizing a PANalytical X-Pert Pro diffractometer (Malvern Panalytical
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Ltd., Royston, United Kingdom). Ni-filtered, Cu-K (radiation (𝜆 = 1.540562 ) was used as
the x-ray source. The accelerating voltage was set to 45 keV and the filament current was
set to 45 mA.

2.3. MECHANICAL PROPERTIES
Room temperature flexural strengths were measured following ASTM C1161 in
four-point bending using a fully-articulated test fixture and type-B bars (45 mm x 4 mm x 3
mm). The outer span of the test fixture was 40 mm, while the inner span was 20 mm. Bars
were machined by diamond grinding the top and bottom surfaces of the hot-pressed billets
using a fully automated surface grinder (FSG-3A818, Chevalier, Santa Fe Springs, CA).
The bars were then cut out of the billets using wire electrical discharge machining (150HSS,
Aegi, Geneva, Switzerland). Tensile surfaces of the test bars, which were perpendicular
to the hot-pressing direction, were polished to a 0.25 𝜇m finish using progressively finer
diamond abrasives and chamfered by hand using a 15 𝜇m diamond abrasive.
High-temperature mechanical testing followed ASTM C1211 using a mechanical
testing apparatus consisting of a screw-driven instrumented load frame (33R4204, Instron,
Norwood, MA), and an inductively heated (SI-30KWLF, Superior Induction Technology,
Pasadena, CA) graphite hot zone inside an environmental chamber.[19, 20] Temperature was
controlled using a two-color optical pyrometer (SR-35C15, Ircon Inc., Santa Cruz, CA) and
a programmable PID controller (2404, Eurotherm, Ashburn, VA). Specimens were loaded
onto a fully articulating graphite four-point bend fixture and secured using a cyanoacrylate
adhesive. The environmental chamber was evacuated to ∼50 kPa and backfilled with argon
five times. Specimens were heated at ∼50°C/min to the test temperature and held for 5
minutes to allow for temperature equilibration prior to testing. The crosshead displacement
rate was varied with temperature to maintain a linear elastic response to failure in accordance
with ASTM C1211 and the rates used for testing as shown in Table 1. The reported strengths
were the average of five test bars at each temperature tested.
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Fracture toughness was measured by the chevron notch beam method in four-point
bending using a fully articulated test fixture using type-A bars (45 mm x 3 mm x 4 mm)
according to ASTM C1421. The chevron notch was machined using a dicing saw (Accu-cut
5200; Aremco Products, Ossining, NY) with 150 𝜇m thick diamond wafering blade. The
crosshead rate was varied with temperature as shown in Table 1. For elevated temperature
testing, the same procedure was utilized as the strength testing. After testing, the notch
dimensions were measured using a digital microscope (KH-8700; Hirox-USA, Hackensack,
New Jersey). Five specimens were tested at room temperature and three specimens were
tested at similar elevated temperatures used for flexure testing.

3. RESULTS AND DISCUSSION
3.1. DENSITY, INITIAL MICROSTRUCTURE, AND ROOM TEMPERATURE MECHANICAL PROPERTIES
Synthesized powder was examined by XRD and all peaks were indexed to ZrB2 .
The measured bulk density for the hot-pressed specimens was 5.88 g/cm3 , thus achieving a
relative density of ∼ 95%. The theoretical density of the ZrB2 was adjusted for the reported
hafnium content in the starting zirconia powder (∼ 1.9 wt%), increasing the theoretical
density to 6.15 g/cm3 from the typically reported value of 6.09 g/cm3 . The average grain
size was 8.8 ± 4.1 𝜇m with a maximum grain size of 25 𝜇m and the amount of porosity
was 5.2 vol% by image analysis. The largest observed pore was ∼ 12 𝜇m. A representative
microstructure is shown in Figure 1. Porosity was observed primarily at grain boundaries
and occasionally entrapped within ZrB2 grains. The measured amount of porosity is
consistent with the adjusted percent relative density.
The average flexural strength and fracture toughness at room temperature were 447
MPa and 2.3 MPa·m1/2 , respectively. Strengths in the range of 380 to 510 MPa have
been reported for ZrB2 synthesized from high purity ZrH2 and B at room temperature.[21–
23] Guo et al. measured the room temperature flexural strength of ZrB2 prepared from
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Figure 1. Representative polished microstructure of as processed ZrB2 . The light grey
phase is ZrB2 while the black regions are porosity.

ZrH2 and B to be 491 MPa with an average grain size of ∼ 5 𝜇m.[22] Zapata-Solvas et
al. measured the room temperature strength and fracture toughness of ZrB2 prepared from
commercial powder with an average grain size of ∼10 𝜇m to be 450 MPa and 3.6 MPa·m1/2 ,
respectively.[23] Thus, the flexural strength of the ZrB2 produced in the present study is
similar to values reported in previous studies. Fracture toughness values in the range of 2.8
to 3.6 MPa·m1/2 have been reported for ZrB2 .[6, 23, 24] The measured fracture toughness
of the ZrB2 produced in the present study is slightly lower than reported literature values.
Based on a Griffith flaw type analysis, the critical flaw size was in the range of 10 to 14
𝜇m using surface crack geometry factors of Y = 1.39 and 1.59, respectively or an interior
volume crack geometry factor of Y = 1.47. The Y factors were selected based on the
measured aspect ratios of grains and pores, as outlined in ASTM C1322. The aspect ratios
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fell in the range of c = 1.4a to 2.0a, which have suggested Y parameters of 1.39 and 1.59,
respectively. The calculated critical flaw size corresponds to the largest measured pore in
the material (∼12 𝜇m) or the largest grain size (∼25 𝜇m). The average grain sizes were 8.8
𝜇m ± 4.1 𝜇m. For comparison, Neuman et al. reported that the critical flaw size for large
grained ZrB2 corresponded to grain pull out from machining, which was the same as the
average grain size.[25]

3.2. ELEVATED TEMPERATURE MECHANICAL PROPERTIES
Flexural strength and fracture toughness measurement results, from specimens tested
from RT to 2300°C, are summarized in Table 1 with representative load versus displacement
curves shown in Figure 2. The crosshead rates used for testing ranged from 0.5 mm/min at
room temperature to 3.5 mm/min at 2300°C. Load versus displacements curves shown in
Figure 2 are linear in nature, indicating that the selected crosshead rates were appropriate
to maintain linear-elastic behavior as described in ASTM C1211. Figure 3 summarizes
the flexural strength data as a function of temperature, including data for the present study
along with results of the studies from Rhodes et al., Melendez-Martinez et al., and Neuman
et al. for comparison.
Table 1. Summary of Mechanical Properties of ZrB2
Crosshead Rate
Temperature
(strength, toughness)
(°C)
(mm/min)
RT
1400
1600
1800
2000
2200
2300

0.5, 0.5
2.0, 0.02
2.5, 0.02
2.5, 0.02
3.0, 0.02
3.5, 0.02
3.5, 0.02

Strength
(MPa)

Fracture Toughness
(MPa·m1/2 )

447 ± 36
304 ± 45
254 ± 31
196 ± 26
260 ± 14
286 ± 20
360 ± 23

2.3 ± 0.3
3.1 ± 0.3
2.9 ± 0.2
3.4 ± 0.2
3.4 ± 0.5
-
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Figure 2. Load versus displacement curves for ZrB2 tested at all temperature. Displacement
measured by LVDT for RT and crosshead displacement for elevated temperatures.

Based on the observed trends, the discussion is divided into two temperature regimes:
(i) room temperature to 1800°C; and (ii) 1800°C to 2300°C.
3.2.1. Room Temperature to 1800°C. Strength decreased from 447 MPa at room
temperature to 196 MPa at 1800°C. Rhodes, Zhu, and Neuman also observed similar
decreases in strength for monolithic ZrB2 at elevated temperatures.[4, 6, 24] Likewise,
Zou et al. observed a similar decrease in strength from room temperature to 1600°C for
a ZrB2 -SiC composite synthesized by borothermal reduction.[26] Fracture toughness as
a function of temperature is shown in Figure 4. Toughness at room temperature was 2.3
MPa·m1/2 increasing to 3.1 MPa·m1/2 at 1600°C before decreasing slightly to 2.9 MPa·m1/2
at 1800°C. The increase in toughness in this temperature range was attributed to blunting
of the crack tips at the specimen surface due to oxidation.
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Figure 3. Flexural strength in four-point bending as a function of temperature for ZrB2
ceramics tested in air and argon. [4–6]

Figure 5 shows the representative flexure specimens after testing from room temperature to 2300°C. While the specimens appear polished at room temperature, and above
1800°C, discoloration was observed at testing temperatures from 1400°C to 1800°C, as can
be seen in Figure 5. A similar result was discussed by Neuman et al., wherein an oxide scale
was observed on ZrB2 -SiC-B4 C specimens tested at 1800°C, but not on specimens tested at
2000°C.[8] Neuman calculated a ZrB2 phase stability diagram based on the equilibrium of
the argon atmosphere containing ∼1 ppm of O2 impurities and graphite in the test chamber.
Neuman determined that oxidation of the ZrB2 specimens was favorable below 1800°C because the pO2 in the test chamber was higher than the threshold for ZrB2 oxidation, which
led to oxide scale formation on the specimen surface. However, above 1800°C the pO2
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Figure 4. Fracture toughness vs. temperature for ZrB2 , tested by chevron notched beam, in
four-point flexure, in an Ar atmosphere.[6]

of the test chamber was below the value for ZrB2 oxidation, which resulted in unoxidized
surfaces after testing. Figure 6 shows a nodular oxide scale that formed on the surface of
the specimens at test temperatures below 1800°C.
Griffith-type analysis was utilized in estimating the critical flaw sizes as a function of
temperature (Table 2). The measured fracture toughness and flexure strength values (Table
1 were used with different stress intensity factors that were based on the measured aspect
ratios of the grains and pores, which were in the range from c = 1.4a (Y = 1.39) to c = 2.0a
(Y = 1.59). The resulting calculated critical flaw sizes ranged from 77 𝜇m at 1600°C to 113
𝜇m at 1800°C. Grain and pore size measurements, following high temperature testing, are
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Figure 5. Optical macrographs of the tensile surfaces of ZrB2 flexure bars (a) prior to
testing and after testing at (b) 1400°C, (c) 1600°C, (d) 1800°C, (e) 2000°C, (f) 2200°C, (g)
2300°C in argon. The bars are approximately 45 mm in length.

summarized in Tables 2 and 3. The average grain size, pore size, and aspect ratio of each
did not change appreciable in this temperature range. The calculated critical flaw size range
for either Y = 1.39 or Y = 1.59 do not correspond to the largest grains in the material at any
of the temperatures tested, so another effect or combination of effects has to be controlling
strength.
Table 2. Summary of average and maximum grain sizes of ZrB2 following elevated temperature testing (all values are in microns).
Temperature
(°C)
Average
grain size
RT
1400
1600
1800
2000
2200
2300

Calculated critical flaw size
(Y = 1.39, 1.59)

ZrB2

8.8 ± 4.1
10.4 ± 4.7
11.4 ± 5.7
12.3 ± 5.8
10.7 ± 5.7
10.9 ± 5.8
12.7 ± 5.5

Maximum
Aspect ratio
grain size
25
33
31
32
32
34
35

1.5 ± 0.4
1.7 ± 0.7
1.6 ± 0.6
1.6 ± 0.5
1.7 ± 0.8
1.7 ± 0.5
1.6 ± 0.5

14, 10
77, 59
113, 87
88, 67
61, 47
-
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Figure 6. SEM images of representative, as tested tensile surfaces of ZrB2 flexure bars
following elevated temperature testing at (a) 1400°C, (b) 1600°C, (c) 1800°C, (d) 2000°C,
(e) 2200°C, (f) 2300°C.

Table 3. Summary of Porosity Measurements for ZrB2
Temperature Feret’s Diameter Maximum Pore Size Major Ellipse Minor Ellipse
(°C)
(𝜇m)
(𝜇m)
(𝜇m)
(𝜇m)
RT
1400
1600
1800
2000
2200
2300

2.8 ± 1.4
4.4 ± 2.4
4.4 ± 2.3
4.0 ± 2.1
3.9 ± 1.8
3.1 ± 1.4
4.2 ± 2.1

12.3
18.7
16.0
16.9
12.9
12.6
15.1

2.5 ± 1.3
4.0 ± 2.1
4.0 ± 2.1
3.5 ± 1.9
3.3 ± 1.6
2.8 ± 1.3
3.6 ± 1.9

1.4 ± 0.7
2.2 ± 0.9
2.1 ± 0.9
2.4 ± 1.1
1.9 ± 1.0
1.5 ± 0.6
2.0 ± 1.1

Aspect Ratio
1.9 ± 0.8
1.9 ± 0.9
1.9 ± 0.8
1.9 ± 1.0
2.0 ± 0.9
1.9 ± 0.9
2.1 ± 1.2
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The strength in this regime is likely controlled by a combination of effects; decreases
in the elastic modulus; surface damage from oxidation of the specimens; and/or stress
relaxation. Calculations based on those of Zakarian et al. for the elastic modulus estimates
a ∼25% decrease in modulus from room temperature to 1800°C which would equate to a ∼
25% decrease in strength.[27] This decrease alone does not account for the >50% decrease
in strength from room temperature, so additional effects must be occurring. Strength is also
a strongly surface dependent measurement, and any changes to the surface may alter the
strength significantly. Damage to the surface by oxidation is likely a contributing factor in
the decrease in strength in the 1400°C to 1800°C regime. Although no oxidation penetration
into the bulk was observed, the surface oxidation damage may have preferentially attacked
grain boundaries and pores and thus increasing the critical flaw size, but this requires further
analysis. Figure 7 shows an example of the type of flaws observed on the tensile side of the
fracture surfaces of a specimen following high-temperature testing at 1600°C. The depth
of the flaw measures ∼ 53 𝜇m which is close to the calculated flaw size of 59 𝜇m for the
Y = 1.59 crack geometry constant. Additionally, stress relaxation could be contributing to
the decrease in strength. Watts et al. measured stress relaxation in a ZrB2 -SiC ceramic and
observed that thermal stresses were relaxed at 1400°C.[28] Relaxation of thermal stresses
may also contribute to the slight decrease in toughness at 1800°C.[29] Hence, the decrease
in strength in this temperature regime is attributed to a combination of factors that includes
elastic modulus decreasing with temperature, oxidation damage, and stress relaxation, but
could also include other effects.
3.2.2. 1800°C to 2300°C. In the second temperature regime, strength increased
from 196 MPa at 1800°C to 360 MPa at 2300°C, an increase of ∼45% relative to the
room temperature strength. No other reports describe such an increase for nominally phase
pure ZrB2 ceramics. Griffith-type analysis was utilized again in estimating the critical flaw
sizes. Calculated flaws decreased from 113 𝜇m at 1800°C to 61 𝜇m at 2300°C for Y =
1.39. Calculated flaws also ranged from 87 𝜇m at 1800°C to 47 𝜇m at 2300°C for Y =
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Figure 7. SEM images of tensile side of fracture surface of ZrB2 following elevated
temperature testing at 1600°C. The arrow indicates the possible origin of failure.

1.59. Above 2000°C, the calculated flaw size starts to decrease, as mentioned above, and
becomes closely aligned with the maximum grain size and the largest pore measured in the
material added together. As a result, other effects are likely playing a role in the increase in
strength.
Overall, the higher strengths at the highest temperatures (∼ 286 MPa at 2200°C
and 360 MPa at 2300°C) reported in this study may be due to the elimination of lower
melting temperature impurities in the final ceramics compared to other ceramics reported in
previous studies due to the use of the borothermal reduction synthesis process.[6, 8] Neuman
reported a liquid phase containing Zr-Fe-Co-Si forming from impurities that were likely
introduced during comminution of the Zr-bearing ore used in the synthesis of the ZrB2 and
the cobalt introduced by milling with WC-Co milling media during processing of the raw
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materials in that study.[8] The ZrB2 synthesized as part of the present study contained much
less iron (0.0002 wt%) compared to the commercial powder used by Neuman (0.04 wt%).
Additionally, since WC-Co media was not used in the present study, no cobalt was found in
the current materials compared to ∼ 0.28 wt% WC-Co due to media erosion in the materials
studied by Neuman. Zou et al. reported WC can help remove impurities such as Mg, Ca,
and Al in a ZrB2 -SiC-WC ceramic.[30] A small addition of WC may be helpful in further
improving the purity of the ZrB2 . The overall lower iron and cobalt metal impurity likely
contributed to the higher strengths at the extreme temperatures, since low-melting impurity
phases were thought to have been eliminated. No evidence of metallic or oxide liquid
phases that would melt at low temperatures were observed during microstructural analysis.
Figure 8 shows representative microstructures for all temperatures tested, supporting this
hypothesis. Further analysis is necessary to better quantify the impurities present in the
final ceramics produced by borothermal reduction, but no obvious second phases were
observed. The testing standard, ASTM C1261, specifies that the crosshead rate should
be adjusted so that tests are completed between 10 and 30 seconds, which was the case
for the crosshead displacement rates used in the present study. Similarly, Neuman et al.
utilized crosshead rates of up to 7.0 mm/min without any artificial increases in strengths
measured for a ZrB2 -ZrC composite.[31] Neuman’s crosshead rates were more than double
the maximum crosshead rate used in the present study. In this higher temperature regime,
fracture toughness values from 2.9 MPa·m1/2 at 1800°C, to 3.4 MPa·m1/2 at 2200°C were
measured. The increase in toughness was attributed to plastic flow resulting in stress relief
ahead of the crack tip, as has been suggested by other researchers.[31] This reduced stress
near the crack tip means that higher stresses are required for crack propagation, resulting
in an increase in measured strength. In addition, Haggerty and Lee observed slip lines in
ZrB2 single crystals tested in compression at 2125°C which is lower than the two highest
temperatures tested in this study.[32]
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Figure 8. SEM images of representative, re-polished tensile surfaces of ZrB2 test bars
following elevated temperature testing at (a) 1400°C, (b) 1600°C, (c) 1800°C, (d) 2000°C,
(e) 2200°C, (f) 2300°C. The light grey phase is ZrB2 while the black phase is porosity.

No discoloration or surface oxidation was observed on flexure specimens tested
above 1800°C because of the change from an oxidizing environment to an inert environment,
as determined by Neuman.[8] Additionally, another reason why no oxide was observed on
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the surfaces of bars tested above 1800°C is that the fast heating rate (50°C/min) through
the oxidizing regime may not have allowed enough time for an oxide scale to form, but
this requires further analysis. Continued sintering of the material at temperatures ≥2000°C
could also be contributing to the increases in the strength in this regime. This additional
sintering could be rounding off pores and blunting sharp features, but further investigation
is necessary to confirm this.

4. SUMMARY
The mechanical properties of a nominally phase pure ZrB2 ceramic were measured
up to 2300°C in an argon atmosphere. ZrB2 was hot-pressed at 2000°C utilizing borothermally synthesized powder from high purity ZrO2 and B raw materials. The relative density
of the ceramics was 95% with an average ZrB2 grain size of 8.8 𝜇m. The room temperature
flexural strength was 447 MPa, with strength decreasing to 196 MPa at 1800°C, and then
increasing to 360 MPa at 2300°C. The strength up to 1800°C was likely controlled by a
combination of effects; surface damage from oxidation of the specimens; stress relaxation;
and/or decreases in the elastic modulus. The strength above 1800°C was controlled by the
maximum ZrB2 grain size plus the largest pore. Fracture toughness was 2.3 MPa·m1/2 at
room temperature, increasing to 3.1 MPa·m1/2 at 2200°C. The use of higher purity starting
materials helped improve the mechanical behavior in the ultra-high temperature regime.
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ABSTRACT

The strength of a zirconium diboride, tungsten carbide, silicon carbide (ZrB2 -WCSiC) ceramic was measured up to 2100°C. The ceramics were produced by ball mixing ZrB2
synthesized by borothermal reduction with commercially available WC and SiC powders.
The powders were hot-pressed at 2000°C for 15 minutes in flowing argon, resulting in
>99% relative density. X-ray diffraction showed ZrB2 and WB in the final ceramic. The
average grain sizes for the ZrB2 , SiC, and WB were 2.5 ± 1.0 𝜇m, 1.2 ± 0.6 𝜇m, and 1.3 ±
0.7 𝜇m, respectively. Strength at room temperature was 510 MPa and stayed consistent to
2100°C at 520 MPa. This study demonstrates that additions of WC and SiC can be used to
control the microstructure and improve strength at temperatures up to 2100°C compared to
nominally pure ZrB2 ceramics produced from the same starting powder.

1. INTRODUCTION
The ultra-high temperature ceramic (UHTC), zirconium diboride (ZrB2 ), has potential use in extreme environments as a structural material. ZrB2 has a variety of properties
that make of interest, such as its low density (∼6.1 g/cm3 ), strength at room and elevated
temperatures (400 to 600 MPa), and high elastic modulus (515-525 GPa). Other properties
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that make ZrB2 of interest are its low electrical resistivity (7.8-22 𝜇Ω·cm) and high thermal
conductivity (60-125 W/(m*K).[1, 2] The properties above are what make ZrB2 a potential
candidate for molten metal crucibles, and hypersonic vehicles.[3]
ZrB2 based ceramics with WC and SiC in small additions (<10 vol%) have demonstrated the ability to maintain strength at elevated temperature.[4, 5] Monteverde et al. tested
several different compositions with WC and/or SiC additions and found room temperatures
strengths ranging from 543 to 631 MPa and strengths ranging from 426 to 712 MPa at
1500°C in air.[5] A variety of studies have been performed on larger additions of strictly
SiC, but strengths in general decease rapidly at or above 1500°C.[6–9] Neuman et al. measured strengths of 682 MPa and 359 MPa at room temperature and 1500°C, respectively,
for a ZrB2-30 vol% SiC ceramic in air.[10] Van der Biest et al. examined the strengths of
a ZrB2 ceramic containing 20 vol% SiC and 5 vol% WC additions in 3-point bending to be
∼600 MPa at room temperature and ∼675 MPa at 1600°C.[11] Silvestroni et al. reported the
strengths of a ZrB2 ceramic containing 5 vol% WC and 3 vol% SiC in air to be ∼600 MPa
at room temperature and ∼700 MPa at 1500°C.[4] Silvestroni also measured the strengths
of the ceramic in argon to be ∼750 MPa at 1500 °C, ∼830 MPa at 1800°C, and ∼650 MPa
at 2100°C.
The purpose of this work was to explore the elevated temperature flexural strength
of a ZrB2 -WC-SiC ceramic utilizing a ZrB2 synthesized by borothermal reduction.[12]

2. PROCEDURE
The process for the borothermal synthesis of the ZrB2 powder used in this study has
been detailed elsewhere.[12] Additions of 5 vol% WC (WC, 74N-0601, Inframat Advanced
Materials, Manchester, CT) and 3 vol% SiC (SiC, BF-12, H.C. Starck, Germany) were
combined with synthesized ZrB2 by ball milling for 2 hours with SiC media at 60 rpm in
acetone. Using rotary evaporation, the slurry was dried at 60°C, under vacuum (∼16 kPa),
and at a rotation speed of 60 rpm. A 50 mesh screen was then used to sieve the powder.
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Utilizing a hot press (Model HP50-7010G, Thermal Technology, Santa Rosa, CA),
the powders were densified in a 63.5 mm square graphite die lined with BN-coated (SP108; Materion, Milwaukee, Wisconsin) graphite foil (GTA 0.005 inch, Sealing Devices,
Lancaster, NY). A 5 MPa preload was applied, and the hot press chamber was evacuated to
2 Pa and then argon was used to backfill the furnace a total of three times. The furnace was
then heated under vacuum (2 Pa) at 20°C/min to 1650°C and held for 2 hours to remove
surface oxides.[13, 14] Once the isothermal hold was complete, the uniaxial pressure was
increased to 32 MPa, and the furnace was backfilled with argon. The furnace was then
heated at 75°C/min to 2000°C and held for 15 minutes. The furnace was allowed to cool
at the natural cooling rate of the furnace for 5 minutes before the uniaxial pressure was
reduced. The material produced in this study is referred to as SSZ.
ASTM C1161 was utilized for the room temperature flexural strength measurements.
Type-B bars (45 mm x 4 mm x 3 mm) were tested in four-point bending (40 mm outer
span and 20 mm inner span) using a fully-articulated test fixture. Diamond grinding was
performed using a 600 grit (∼ 15 𝜇m) wheel on the top and bottom surfaces of the billets
using a surface grinder (FSG-3A818, Chevalier, Santa Fe Springs, CA). Billets were then
cut using wire electrical discharge machining (150HSS, Aegi, Geneva, Switzerland) to form
the bars. Test bars were surface ground on the sides with a 600 grit (∼ 15 𝜇m) wheel, and
then the tensile side of the bars, perpendicular to the hot pressing direction were polished to
a 0.25 𝜇m surface finish. The bars were then chamfered on the edges of the tensile surface,
by hand, using a 15 𝜇m diamond polishing pad.
ASTM C1211 was followed for measuring the elevated temperature flexure strengths
using a mechanical testing apparatus as described in previous studies.[12, 15, 16] A graphite
four-point bend fixture (40 mm outer span and 20 mm inner span) with a fully articulating
functionality was utilized for mechanical testing. A vacuum of ∼50 kPa was achieved on
the chamber before backfilling with argon five times. Specimens were heated at ∼75°C/min
to the test temperature and held for 5 minutes. As is called for in the standard, crosshead
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displacement rates were varied as a function of temperature to maintain a linear elastic
response to failure. The test rates used are shown in Table 1. The average of three test
bars at each elevated temperature and five test bars at room temperature were used to report
the strength. Fracture toughness was measured using the direct crack method as outlined
by Anstis et al.[17] A Vickers indenter was used with an indentation load of 19.6 N and a
dwell time of 10 s. An optical light microscope (KH-3000, Hirox-USA, Hackensack, New
Jersey) was used to measure the length of the radial/median cracks outlet from the corners
of 10 indents and used to calculate an average fracture toughness.
Scanning electron microscopy (SEM; Raith eLine Plus, Dortmund, Germany) was
used to examine the microstructures of the SSZ ceramic following room and elevated
temperature testing. As-tested tensile surfaces were examined. After testing, specimens
were cleaned ultrasonically in methanol for 5 minutes to remove any furnace deposits
on the surface. Cross-sectioned specimens were polished to a 0.25 𝜇m surface finish.
SEM images were utilized to measure grain sizes using image analysis software (ImageJ,
National Institutes of Health, Bethesda, MD) of at least 200 grains. X-ray diffraction (XRD;)
(Malvern Panalytical Ltd., PANalytical X-Pert Pro, Royston, United Kingdom) with a CuK𝛼 radiation source (𝜆 = 1.540562 ) was used to examine the powder. The accelerating
voltage and filament current were set to 45 keV and 45 mA, respectively.

3. RESULTS AND DISCUSSION
XRD patterns for the SSZ ceramic before and after hot pressing are shown in Figure
1. WC and ZrB2 were present in the XRD pattern, prior to hot pressing. In contrast, SiC was
not detected, likely due to its small volume fraction (3 vol%) and lower relative intensity
ratio compared to ZrB2 . ZrB2 and WB were the only two phases observed in the XRD
pattern after hot pressing. WC may not likely appear in the XRD pattern after hot pressing
due to a possible reaction with the ZrB2 . WC has been shown to react with surface oxide
impurities such as B2 O3 and ZrO2 from ZrB2 based ceramics and has a reported solubility
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limit of 8 mol % in ZrB2 .[13, 18]. Additionally, WC has been shown to form WB during
sintering.[4] The room temperature microstructure is shown in Figure 2. The average grain
size for the ZrB2 , WB, and SiC are within the range of 1 to 3 𝜇m and the largest grains are in
the range of 6 to 10 𝜇m. The light grey phase is the ZrB2 while the black and white phase are
SiC and WB, respectively. The bulk density was measured by the Archimedes method to be
6.60 g/cm3 while the density based on image analysis of area fractions of the different phases
was estimated to be ∼6.35 g/cm3 . The difference in density might be due to the little area
(< 0.1 mm2 ) analyzed compared to the entire bulk measurement the Archimedes method
measures. SEM micrographs revealed a small amount of grain pull out from polishing,
resulting in a microstructure that was >99% dense. The polished microstructures for each
specimen, after mechanical testing at each temperature tested are shown in Figure 2. The
average grain size and the largest grain measured from room temperature to 2100°C for the
ZrB2 , SiC, and WB are shown in Table 2. No significant changes were observed with respect
to the average or largest grain sizes up to the highest test temperature (2100°C). Monteverde
et al. reported a density of 6.47 g/cm3 for a ZrB2 based composite with the same WC and
SiC additions.[5] Monteverde’s processing differed by using a lower sintering temperature
(1930°C) and a higher pressure (40 MPa), but the measured density only differed by two
percent compared to the present work. Additionally, Monteverde reported average grain
sizes in the range of ∼2 𝜇m for the ceramic, which is comparable to the present work. Figure
3 shows representative tensile surface microstructures for all temperatures tested. An oxide
scale is apparent on the surface of the bars, which appears to be changing morphology as
the test temperature increased.
Strength as a function of temperature is shown in Table 1. At room temperature the
strength was 511 ± 55 MPa and stayed relatively consistent, as temperature increased, with
a strength of 518 ± 60 MPa at 2100°C. Zou et al. reported the strengths of a ZrB2 -WC-SiC
ceramic in air to be ∼600 MPa at room temperature which is comparable to the present
work.[11] Zou also measured the strengths of their ceramic in an inert atmosphere to be
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Table 1. Summary of Flexural Strengths of ZWS
Temperature
(°C)

Crosshead Rate
(strength)
(mm/min)

Strength
(MPa)

RT
1500
1800
2100

0.5
3.0
3.5
4.5

511 ± 55
479 ± 57
547 ± 59
518 ± 60

Figure 1. XRD pattern of before and after hot pressing of the ZrB2 -WC-SiC ceramic.

∼600 MPa at 1500°C, and ∼675 MPa at 1600°C. Zou utilized a higher SiC content (20
vol%), and; smaller test bars (25.0 mm x 2.5 mm x 2.0 mm) compared to the present study
(45 mm x 4 mm x 3 mm). Zou also used three-point bending instead of four-point bending.
Strengths are typically higher for smaller tests bars due to the smaller volume of material
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Table 2. Summary of Grain Sizes of ZWS
Temperature
(°C)

RT
1500
1800
2100

ZrB2

WB

Average Maximum
grain size grain size
(𝜇m)
(𝜇m)

Average
grain size
(𝜇m)

2.5 ± 1.0
2.4 ± 1.1
2.4 ± 1.3
2.3 ± 1.0

1.3 ± 0.7
1.6 ± 0.7
1.4 ± 0.5
1.7 ± 1.0

6.0
6.0
7.7
7.9

SiC

Maximum Average
grain size grain size
(𝜇m)
(𝜇m)
9.5
5.0
4.0
7.4

1.2 ± 0.6
1.5 ± 0.5
1.4 ± 0.5
1.3 ± 0.5

Maximum
grain size
(𝜇m)
8.7
4.0
3.2
3.2

that is tested in three-point bending.[19, 20] Ma et al. reported the four-point bend strengths
ZrB2 ceramic containing 5 vol% WC, using bars that were 25.0 mm x 2.0 mm x 1.5 mm for a
to be ∼400 MPa at room temperature, and increasing to ∼650 MPa at 1600°C. Comparable
studies have observed similar trends in the strength as what has been found in the present
work. [21]
The ZrB2 utilized in this work was used in a previous study of elevated temperature
strength.[12] The authors found that the ZrB2 ceramics produced from powder synthesized
by the borothermal reduction reaction exhibited strengths that increased as temperature
increased above 1800C, which had not been previously reported for nominally pure ZrB2 .
The increase in strength was attributed to the higher purity ZrB2 utilized. The synthesized
ZrB2 has a lower amount of iron (0.0002 vs 0.04 wt%) and a lower amount of carbon, as no
carbon was utilized in the reaction process. As mentioned previously, WC has been reported
to promote the removal of impurities in ZrB2 ceramics and improve the sinterability of ZrB2
based ceramics.[5, 13, 18, 22] The removal of oxygen-carrying species from the surfaces of
the ZrB2 particles by adding WC can aid in restoring the sinterability of the material.[23]
The higher sinterability of the material, and removal of low melting oxide impurities at the
grain boundaries, can improve the high-temperature mechanical properties by reducing the
amount of porosity in the material and increasing the grain boundary strength. Ma reported
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Figure 2. SEM images of representative microstructures at room temperature and following
elevated temperature testing at (A) room temperature, (B) 1500°C, (C) 1800°C, and (D)
2100°C. The light grey phase is ZrB2 , the black phase is SiC, and the white phase is WB.

plate-like high aspect ratio ZrB2 grains in the microstructure, similar to what is observed in
the current study for a ZrB2 ceramic containing 5 vol% WC.[21] Aspect ratios ranged from
c=1.8a to c=2.3a from room temperature to 2100°C for the ZrB2 grains in the present work.
Direct crack measurements from Vickers indents resulted in a calculated fracture toughness
of 2.7 ± 0.2 MPa·m1/2 for the SSZ ceramics produced in this study. Silvestroni et al.
reported a room-temperature fracture toughness measured by chevron notched beams to be
3.7 MPa·m1/2 for the same composition as the present work.[4] Compositional and testing
differences likely result in the difference in fracture toughness compared to the present
work. Griffith flaw sizes were calculated for the SSZ ceramics based on a Griffith-style flaw
analysis (Equation 1).
𝜎=

𝐾 𝐼𝐶
𝑌 𝑐1/2

(1)
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Figure 3. SEM images for as tested tensile surfaces of the ZrB2 -WC-SiC ceramic following
elevated temperature testing at (A) 1500°C, (B) 1800°C, and (C) 2100°.

Where 𝜎 is the strength, K𝐼𝐶 is the fracture toughness, Y is the crack geometry constants,
and c is the flaw size. Two Y crack geometry constants, Y = 1.59 and 1.99, selected based
on the aspect ratios of the ZrB2 , WB, and SiC grains expected to act as the critical flaws,
were used in the calculations. The critical flaw size for Y = 1.59 was 21 ± 13 𝜇m and for
Y = 1.99 was 13.6 ± 8 𝜇m. The largest grains measured for each phase (6, 9.5, and 8.7
for ZrB2 , WB, and SiC, respectively) are within the standard deviation for the Y = 1.99
geometric factor, and thus it is likely that the largest WB and SiC grains are the strength
controlling flaw in this material at room temperature. The standard deviation was calculated
from error propagation of the strength and fracture toughness. Further analysis is required
to understand the strength controlling flaws at elevated temperatures.

57
4. CONCLUSIONS
The strength of a ZrB2 -WC-SiC ceramic was measured up to 2100°C. The ceramics
were produced by ball mixing borothermally synthesized ZrB2 and commercially available
WC and SiC powders and then hot-pressing at 2000°C for 15 minutes while flowing argon,
resulting in >99% dense ceramic. X-ray diffraction detected the presence of only ZrB2 and
WB in the final ceramic, although SiC was observed by SEM. The average grain sizes for
the ZrB2 , SiC, and WB were 2.5 ± 1.0 𝜇m, 1.2 ± 0.6 𝜇m, and 1.3 ± 0.7 𝜇m, respectively.
Strength at room temperature was 510 MPa and the strength was approximately the same at
520 MPa at 2100°C. The room temperature fracture toughness was 2.7 ± 0.2 MPa·m1/2 as
determined by the direct crack method. A Griffith-style flaw analysis found that the largest
grains in the material are likely the strength controlling flaw at room temperature. The
small WC and SiC addition are believed to promote strength retention by the removal of
oxide impurities.
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ABSTRACT
The mechanical properties of a (Hf,Mo,Nb,Ta,W,Zr)B2 high-entropy ceramic were
measured at room temperature. A two-step synthesis process was utilized to produce the
(Hf,Mo,Nb,Ta,W,Zr)B2 ceramics. The process consisted of a boro/carbothermal reduction
reaction followed by solid solution formation and densification through spark plasma sintering. Nominally phase pure (Hf,Mo,Nb,Ta,W,Zr)B2 was sintered to near full density (8.98
g/cm3 ) at 2000°C. The mean grain size was 6 ± 2 𝜇m with a maximum grain size of 17
𝜇m. Flexural strength was 528 ± 53 MPa, Young’s modulus was 520 ± 12 GPa, fracture
toughness was 3.9 ± 1.2 MPa·m1/2 and hardness was 33.1 ± 1.1 GPa. A Griffith-type
analysis determined the strength limiting flaw to be the largest grains in the microstructure.
This is one of the first reports of a variety of mechanical properties of a six-component
high-entropy diboride.

1. INTRODUCTION
Ultra-high temperature ceramics (UHTCs) have potential use as structural materials
in extreme environments, such as on the leading and trailing edges of hypersonic vehicles.
These vehicles will be traveling Mach 5 or greater and are thus expected to experience
extreme temperatures (>2000°C). A new class of UHTCs called high entropy borides
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(HEBs) were recently synthesized and densified and exhibited better oxidation resistance
and higher hardness than the individual diborides.[1] As such, it is of interest to learn more
about the mechanical properties of HEBs.
Several different methods have been used to synthesize HEBs.[2–7] Wen et al. synthesized (Hf,Ti,Zr)B2 and (Nb,Ta,Ti)B2 by a molten salt synthesis method at 1100°C with
30% excess B.[4] The resulting powders had a nanorod morphology with diameters of 20 to
40 nm and lengths of 100 to 200 nm. It was also necessary to wash the powders to remove
residual NaCl/KCl salts and B2 O3 . Tallarita et al. synthesized a (Hf,Mo,Nb,Ta,Ti)B2 ceramic from elemental metal powders and boron using a self-propagating high temperature
synthesis method and then consolidated the powder by spark plasma sintering (SPS). [2]
The relative density of the final ceramic reached only 92.5%. Zhang et al. synthesized
powders for several HEB compositions by vacuum boro/carbothermal reduction at 1600°C
and then sintering the powders by SPS at 2000°C. [6] Relative densities ranged from 96.3%
to 98.5%. Oxide impurities were present in the sintered specimens due to an incomplete
reaction was non-stoichiometric with respect to the desired reaction. Liu et al. synthesized
a (Hf,Nb,Ta,Ti,Zr)B2 ceramic by the borothermal reduction reaction of oxide powders and
B at 1700°C under vacuum with a 2:11 oxide/B ratio.[3] The resulting powder had an
average particle size of ∼ 310 nm. Zhang et al. also synthesized several ((Cr,Hf,Ta,Ti,Zr)2 ,
(Hf,Mo,Nb, Ti,Zr)B2 , (Hf,Mo,Nb,Ta,Ti)B2 ) HEB powders by the borothermal reduction
reaction at 1600°C under vacuum.[5] Powders were spark plasma sintered and relative
densities in the range of 95% to 99.2% were achieved. While various synthesis methods
have been used to synthesize HEB composites, producing large amounts of high purity
powder has proven difficult. Feng et al. synthesized a (Hf,Nb,Ta,Ti,Zr)B2 HEB powder by
a two-step process method consisting of a boro/carbothermal reduction followed by solid
solution formation.[7] This method produced a low oxygen content (0.3 wt%) and a small
average particle size (430 nm). Synthesis methods that allow for large-scale production of
high purity and small particle size powders are required to advance the science of HEBs.
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Most reports of the mechanical behavior of HEBs have been limited to Vickers
hardness or indentation fracture toughness, mechanical tests that can be made on relatively
small specimens. The hardness values range from 21.0 GPa for a (Cr,Hf,Ta,Ti,Zr)B2 HEB
and 28.3 GPa for a (Cr,Hf,Ta,Ti,Zr)B2 HEB. [1, 5] HEBs containing Mo and W have
demonstrated higher hardness >30 GPa at loads <1.96 N.[8] Fracture toughness values
of HEBs are not widely reported, with most reports utilizing indentation methods. For
example, Zhang reported indentation toughness values of ∼ 4 MPa·m1/2 for a few different
HEB compositions.[6] The indentation toughness values which inherently has variability in
the range of 10 to 30%, with additional error that can be added depending on the accuracy
of the Young’s modulus used in the calculations. Liu reported the four-point bend strength
of a fully dense (Hf,Nb,Ta,Ti,Zr)B2 with an average grain size of 4𝜇m to be 339 ± 17 MPa
and the fracture toughness to be 3.8 ± 0.4 MPa·m1/2 using the single-edge notched beam
technique.[9]
The objective of the present work was to produce a fully dense, six-component
HEB ceramic ((Hf,Mo,Nb,Ta,W,Zr)B2 ) and investigate its room temperature mechanical
properties, including flexure strength, elastic modulus, hardness, and fracture toughness.

2. PROCEDURE
2.1. PROCESSING
(Hf,Mo,Nb,Ta,W,Zr)B2 ceramics were produced by a two-step synthesis method
consisting of a solid-state boro/carbothermal reduction (BCTR) of oxide powders and then
densification and further solid solution formation and densification by spark plasma sintering
(SPS). The general BCTR reactions used are summarized by Reactions 1 through 3 while
Reaction 4 describes the overall reaction combined with solid solution formation.

2𝑀𝑒𝑂 2 + 𝐵4𝐶 + 3𝐶 ⇒ 2𝑀𝑒𝐵2 + 4𝐶𝑂 (𝑔)

(1)
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𝑀𝑒 2 𝑂 5 + 𝐵4𝐶 + 4𝐶 ⇒ 2𝑀𝑒𝐵2 + 5𝐶𝑂 (𝑔)

(2)

2𝑀𝑒𝑂 3 + 𝐵4𝐶 + 5𝐶 ⇒ 2𝑀𝑒𝐵2 + 6𝐶𝑂 (𝑔)

(3)

𝑍𝑟𝑂 2 + 0.5𝑁 𝑏 2 𝑂 5 +𝑀𝑜𝑂 3 + 𝐻 𝑓 𝑂 2 + 0.5𝑇 𝑎 2 𝑂 5 + 𝑊𝑂 3 + 3𝐵4𝐶 + 12𝐶

(4)

⇒ 6(𝐻 𝑓 , 𝑀𝑜, 𝑁 𝑏, 𝑇 𝑎, 𝑊, 𝑍𝑟)𝐵2 + 15𝐶𝑂 (𝑔)
Zirconium oxide (ZrO2 ; Grade KZ-0Y-LSF, KCM Corporation, Nagoya, Japan),
niobium oxide (Nb2 O5 ; Grade 208515, Alfa Aesar, Ward Hill, MA), molydenum oxide
(MoO3 ; Grade US1116M, US Research Nanomaterials, Inc, Houston, TX), hafnium oxide
(HfO2 ; Grade 40270, Alfa Aesar, Ward Hill, MA), tantalum oxide (Ta2 O5 ; Grade 73R-0804,
Inframat Advanced Materials, Manchester, CT), and tungsten oxide (WO3 ; Grade 74R-0816,
Inframat Advanced Materials, Manchester, CT) powders were used. The oxide powders
were batched in stoichiometric ratios to achieve an equimolar composition of the HEB.
The powders were attrition milled in acetone for 3 hours (model HD-01, Union Process,
Akron, OH) with 3 mm diameter spherical yttria-stabilized ZrO2 media to homogenize and
reduce the particle size of the mixture. Rotary evaporation (Rotavapor R-124, Buchi, Flawil,
Germany) was utilized to dry the slurry at a temperature of 60°C, under vacuum (∼ 16 kPa),
and at a rotation speed of 60 rpm. After drying the oxide powder mixture, the mixture
was then batched with 11 wt% excess boron carbide (B4 C; Grade HD 20, H.C. Starck,
Newton, MA) and 4.5 wt% less than the calculated stoichiometric ratio for the carbon black
(Vulcan XC72; Cabot Co., Alpharetta, GA) and ball mixed using 5 mm diameter spherical
zirconia milling media for 6 hours in acetone. The slurry was dried by rotary evaporation
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at a temperature of 60°C, under vacuum (∼ 16 kPa), and at a rotation speed of 60 rpm. The
dried powder was sieved through a 50 mesh screen and uniaxially pressed into a ∼ 57 mm
disc using a ∼ 0.5 MPa load.
A graphite element furnace (Model HP50-7010G, Thermal Technology, Santa Rosa,
CA) was used to react the powder compacts under vacuum (∼ 13.3 Pa). The furnace was
heated at 5°C/min to 660°C, held for 5 minutes, ramped at 1°C/min to 665°C and then held
for 5 minutes. The slow heating process was repeated until 700°C at which time the ramp
rate was increased to 5°C/min to the final reaction temperature of 1650°C. The furnace was
held for 8 hours and then allowed to cool at ∼ 25°C/min. The reacted powder compacts
were then crushed and sieved through a 50-mesh screen.
Powders were densified by SPS (Model DCS-10, Thermal Technology, Santa Rosa,
CA) in a 40 mm diameter die lined with graphite foil. A 20 MPa preload was applied, and
the furnace was evacuated (∼ 2.67 Pa). The furnace was heated at 75°C/min to 1650°C
and held for 20 minutes to remove surface oxides from the powder particles.[10, 11] The
load was then increased to 50 MPa, and the furnace was heated to 2000°C at 50°C/min and
held for 5 minutes. The furnace then cooled at 50°C/min to 1600°C where the load was
decreased to 5 MPa and the furnace backfilled with argon and allowed to cool.

2.2. CHARACTERIZATION
A modified Archimedes’ method was utilized to determine the density of the HEB
billets produced by SPS. Billets were boiled in distilled water for two hours, and then
placed under mild vacuum (∼16 kPa) for 30 minutes before measurement. Scanning
electron microscopy (SEM; Raith eLine Plus, Dortmund, Germany) equipped with energydispersive spectroscopy (EDS; Quantax Bruker, Billerica, MA) was used to examine the
microstructures. Cross-sections of billets were polished to a 0.25 𝜇m finish. Image analysis
software (ImageJ, National Institutes of Health, Bethesda, MD) was used to measure the
grain sizes of the SEM images by measuring the fitted ellipse and Feret diameter based on
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at least 500 grains. X-ray diffraction (XRD) analysis was performed utilizing a PANalytical
X-Pert Pro diffractometer (Malvern Panalytical Ltd., Royston, United Kingdom) with a
Cu-K𝛼 (radiation (𝜆 = 1.540562 ) x-ray source. Dense billets were crushed and ground and
passed through a 200-mesh sieve. The filament current was set to 45 mA and the accelerating
voltage was set to 45 keV. Rietveld refinement was run with RIQAS software (Materials Data
Inc., Livermore, CA) to determine the lattice parameter of the HEB. Raman spectroscopy
(Aramis Labram, Horiba Jobin Yvon, Edison, NJ) was performed using a He-Ne laser, no
filter, 500 𝜇m hole, a slit size of 300 𝜇m at 50x magnification.

2.3. MECHANICAL TESTING
Flexural strengths were measured in four-point bending using a fully-articulated
test fixture and modified type-A bars (23.5 mm x 2.0 mm x 1.5 mm) at room temperature
following ASTM C1161. Diamond grinding was performed on the top and bottom surfaces
of the dense billets using a surface grinder (FSG-3A818, Chevalier, Santa Fe Springs, CA)
with a ∼15 𝜇m diamond wheel. Electrical discharge machining (150HSS, Agie, Geneva,
Switzerland) was used to initially cut the flexure bars out of the billets. Test bar tensile
surfaces, aligned to be perpendicular to the SPS pressing direction, were polished using
an automatic polisher to a 0.25 𝜇m finish and chamfered by hand using a 3 𝜇m diamond
abrasive. A crosshead rate of 0.2 mm/min was used to test the bars. The lower span was 20
mm, while the upper span was 10 mm for the test fixture.
Fracture toughness was measured by the chevron notch method in four-point bending
using a semi-articulated test fixture and modified type-A bars (23.5 mm x 3.0 mm x 4.0
mm) at room temperature according to ASTM Standard C1421 with 5 bars tested. The
crosshead rate used was 0.0045 mm/min, which is adjusted from the standard to account
for the bars shortened length and to maintain the same strain rate. A dicing saw (Accu-cut
5200; Aremco Products, Ossining, NY) with a 0.006 inch thick (∼ 0.15 mm) diamond
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wafering blade was utilized to machine the chevron notches. A digital microscope (KH8700; Hirox-USA, Hackensack, New Jersey) was used to measure the notch dimensions
after testing.
Vickers indentation (ASTM C1327) was used to measure hardness at a load of 1.96
N and a dwell time of 10 seconds. Ten indents were measured for each specimen. The
static bending method (ASTM E111) was used to measure elastic modulus during fourpoint bending tests. The deflection at the center point of the beam was measured with the
assumption that the bottom load train was more rigid than the specimen.

3. RESULTS AND DISCUSSION
3.1. POWDER SYNTHESIS, DENSITY, AND MICROSTRUCTURE
Nominally single-phase HEB ceramics were produced. The XRD patterns for the
post-reacted powder, and after crushing a billet after SPS to produce a post-processed
powder, are shown in Figure 1. No oxide peaks were detected in the reacted powder, but
incomplete solid solution was apparent based on the presence of multiple AlB2 phases. The
XRD pattern after SPS was indexed to the AlB2 structure, with the lattice parameters being
determined by Rietveld refinement to be a = 3.0903 and c = 3.3509 . After sintering, solid
solution formation appeared to be complete, resulting in a single phase detected by XRD.
The HEB billet was near full density with a uniform grain size, as shown in the
representative microstructure in Figure 1. The average grain size was 6 ± 2 𝜇m with the
largest grains measured to be ∼17 𝜇m. The aspect ratio of the grains was 1.5 ± 0.4. Small
amounts (<0.25 vol%) of excess carbon and boron carbide (indicated by arrows in Figure 1)
were detected by Raman spectroscopy (not shown) at the grain boundaries. A small amount
(<0.25 vol%) of oxide phase was also observed by SEM at the grain boundaries (indicated
by arrows in Figure 1). Figure 3 shows EDS maps of the microstructure, which indicate a
uniform distribution of the metal elements. Based on Rietveld refinement using the lattice
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Figure 1. XRD of post reacted powder and crushed billet for the HEB ceramic. Peaks are
indexed to the AlB2 structure.

parameters from the x-ray diffraction pattern, the theoretical density was calculated to be
8.87 g/cm3 . Additionally, the average metallic molar mass based on the nominal batched
composition was used in the theoretical density calculation. The bulk density was 8.98
g/cm3 using the Archimedes method, with an apparent porosity of 0%. The measured bulk
density was slightly higher than the calculated theoretical density, which is most likely due
to the loss of some of the metals from the composition as volatile oxide species during the
reaction process.[12]
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Figure 2. Representative polished microstructure of HEB. Arrows point to residual C, B4 C,
and oxide within the microstructure.

3.2. MECHANICAL PROPERTIES
Mechanical properties for the HEB produced in this study were measured at ambient
conditions, and the results are summarized in Table 1. The static Young’s modulus was
measured in four-point bending to be 520 ± 12 GPa. A rule of mixtures calculation for each
of the single component diborides was used to estimate the Young’s modulus for the HEB to
be 501 ± 74 GPa, which is within 4% of the measured modulus of the ceramic.[13–18] The
modulus of the HEB is higher than the modulus for WB2 at 360 GPa, and close to the modulus
of HfB2 at 498 GPa.[14, 16] ZrB2 , TaB2 , NbB2 , and MoB2 all have higher reported moduli
at 519, 551, 512, and 569 GPa, respectively.[13–15, 18] Modulus values for MoB2 and WB2
were obtained from calculated values while the remaining diborides were experimentally
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Figure 3. SEM image of HEB, and EDS elemental map of (A) Hf, (B) Mo, (C) Nb, (D) W,
(E) Zr, and (F) Ta.

determined. Feng et al. reported Young’s modulus for an (Nb,Hf,Ta,Ti,Zr)B2 ceramic to
be 544 GPa measured using the impulse excitation method.[19] Feng’s measured Young’s
modulus was slightly higher than the calculated value of ∼ 529 ± 28 GPa.
Table 1. Summary of Mechanical Properties of HEB
Density
(g/cm3 )

Grain Size
(𝜇m)

9.05

6.2 ± 2.3 𝜇m

Young’s Modulus Hardness
(GPa)
(GPa)
520 ± 12

32.1

Strength
(MPa)

Fracture Toughness
(MPa·m1/2 )

528 ± 53

3.9 ± 1.2

Vickers hardness for the HEB was 33.1 ± 1.1 GPa for a 1.96 N load. Hardness values
of 21.0 GPa for a (Cr,Hf,Ta,Ti,Zr)B2 HEB and 28.3 GPa for a (Cr,Hf,Ta,Ti,Zr)B2 HEB have
been reported.[1, 5] Hardness data for each of the individual diborides were reported to be
23 GPa, 26 GPa, 28 GPa, 24.4 GPa, 22.7 GPa, and 22.6 GPa for ZrB2 , TaB2 , HfB2 , MoB2 ,
NbB2 , and WB2 , respectively.[14, 18, 20–22] While each diboride reported had differences
in density, and grain size, as well as the Vickers hardness indentation load used compared
to the present work, the 33.1 GPa hardness for this six-component HEB is higher than any
of the component diborides. To the best of the author’s knowledge, this is the first report of
hardness for a six-component HEB. The solid solution in the HEB appears to improve the
Vickers hardness of the material, but further analysis is required to understand this behavior.
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Feng et al. measured the hardness of a variety of HEBs at a 1.96N load to be 25.2 GPA for
a (Hf,Nb,Ti,Ta,Zr)B2 , 30.6 GPa for (Hf,Mo,Ti,Ta,Zr)B2 , 34.8 GPa for (Hf,Ti,Ta,W,Zr)B2 ,
and 30.9 GPa for (Hf,Mo,Ti,W,Zr)B2 .[8] While the compositions for the Feng et al. study
differ from the present study, the overall hardness values are consistent with the present
study. Qin et al. reported that HEBs containing WB2 and MoB2 were harder than HEBs
not containing these diborides.[23] None of the HEBs for Feng et al. contained both WB2
and MoB2 which might be part of the reason for the higher hardness in the present work
compared to Feng’s work.
Figure 4 shows the radial median cracks outlet from the corner of a Vickers diamond
indent. The cracks appear to follow a transgranular crack propagation path. Neuman et al.
reported crack propagation being predominately transgranular for a (Zr0.96 W0.04 )B2 ceramic
and Dorner et al. also reported similar behavior for a (Zr0.96 Ta0.04 )B2 ceramic.[24, 25]
Zhang reported observing transgranular fracture in various HEBs due to a strong interface
being formed at the grain boundaries.[5] The fracture mode observed in the HEB ceramic
is comparable to other studies and indicates that the grain boundaries are strong relative to
the grains.
Flexural strength and fracture toughness for the (Hf,Mo,Nb,Ta,W,Zr)B2 ceramic in
the present study were 528 ± 53 MPa and 3.9 ± 1.2 MPa·m1/2 , respectively. This is one
of the first reports for flexure strength and fracture toughness of a six-component HEB
ceramic. Liu et al. reported the four-point bend strength of a (HfNbTaTiZr)B2 to be 339 ±
17 MPa and the fracture toughness to be 3.8 ± 0.4 MPa·m1/2 using the single-edge notched
beam technique.[9] The average grain size for Liu’s material was 4 𝜇m which is close to
the average grain size in the present work. While Liu’s strength is significantly lower than
the strength measured in the present study, the fracture toughness was within a few percent.
Additionally, Liu had a higher amount of oxide impurity within the material compared to the
present study, which may have caused the difference in strength. Thompson et al. reported
the strengths for ZrB2 as a function of grain size and for similar-sized grains as the present
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Figure 4. Crack path starting from the corners of a Vickers indent.

work (∼ 7𝜇m) to be ∼ 430 to 445 MPa.[26] The strengths in the present work are higher than
ZrB2 with the same grain size reported by Thompson, indicating that some strengthening
mechanism may be active in the HEB, the type of flaw causing failure is different, or both.
Additionally, it does not appear that fracture toughness of the HEB ceramic in the present
study benefits from the solid solution formation, as its fracture toughness falls into the range
for the component borides (2 to 5 MPa·m1/2 ).[13, 20, 27]
A Griffith-type analysis was utilized for estimating the critical flaw sizes of the HEB
material. Since the secondary oxide phase and residual carbon and boron carbide phases
were significantly smaller than the average grain size of the HEB phase, they should not
be the strength limiting flaw in the material. The crystal structure of the HEB ceramic
produced in this study is hexagonal, and as such can be susceptible to microcracking if
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the coefficients of thermal expansion (CTE) for the a,b-axes versus c-axis are substantially
different. CTE was not measured for this material, but Watts et al. reported the grain size
required for microcracking in pure ZrB2 to be ∼980 𝜇m which is significantly larger than the
largest grain measured in this material.[28] Further, microcracking was not observed in the
microstructure of the HEB. The Y crack geometry constants for the Griffith analysis were
selected based on the measured aspect ratios of the grains, as outlined in ASTM C1322.
Different Y crack geometry constants were used based on the grain aspect ratios, which
were in the range from c = 1.4a (Y = 1.39) to c = 2.0a (Y = 1.59). The critical flaw sizes
calculated for these Y parameters were 28 ± 17 𝜇m and 21 ± 13 𝜇m, respectively. The
largest grains measured were ∼ 17 𝜇m which fits reasonably well for both stress intensity
factor flaw size calculations. As such, the critical flaw of the material is likely the largest
grains. Therefore, decreasing the size of the largest grains would increase the strength of
the material.

4. SUMMARY
A nominally phase pure (Hf,Mo,Nb,Ta,W,Zr)B2 high-entropy diboride ceramic was
produced. The HEB was sintered to near full density (8.98 g/cm3 ) at 2000°C. The average
grain size was 6 ± 2 𝜇m with a maximum grain size of 17 𝜇m. Small amounts of carbon
and B4 C were still present in the microstructure, along with a secondary oxide phase
being found at the grain boundaries. The room temperature mechanical properties of
the (Hf,Mo,Nb,Ta,W,Zr)B2 were measured; flexural strength was 528 ± 53 MPa, Young’s
modulus was 520 ± 12 GPa, fracture toughness was 3.9 ± 1.2 MPa·m1/2 and hardness
was 33.1 ± 1.1 GPa. This is one of the first reports of the mechanical properties of a
six-component HEB ceramic. A Griffith-type analysis was utilized and determined the
strength-limiting flaw of the HEB material to be the largest grains in the microstructure.
Further study into other HEB compositions could provide insight into which elements
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lead to the enhanced strength and hardness of the HEB compared to lower strength and
hardness values measured for other borides with comparable grain sizes containing either
one transition metal or different combinations of transition metals.
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ABSTRACT
Flexure strength and fracture toughness were measured at room and elevated temperature for a six component high entropy diboride ceramic (Hf,Mo,Nb,Ta,W,Zr)B2 . Highentropy diboride ceramics consisting of six component diborides, Dense, single phase
ceramics were produced by a two-step process consisting of carbothermal reduction of
oxides at 1650°C followed by solid solution formation and densification by spark plasma
sintering at 2000°C. The average grain size of the ceramic was ∼6 𝜇m across all temperatures tested, with the largest grains being around 18 𝜇m for all temperatures. The room
temperature flexural strength was 528 MPa with a fracture toughness of 3.9 MPa·m1/2 .
Strength decreased to 181 MPa at 1000°C and then increased to 802 MPa at 1600°C. Fracture toughness decreased to 3.1 MPa·m1/2 at 1200°C before increasing to 6.5 MPa·m1/2 at
1600°C. The strength at room temperature was controlled by the largest grain size, while
the strength at 1000°C was controlled by oxidation. Above 1000°C the largest grain size
was the critical flaw. This is one of the first reports of the elevated mechanical properties
of a high-entropy diboride.

1. INTRODUCTION
Ultra-high temperature ceramics (UHTCs) are preferred candidates for potential use
as structural materials in extreme environments, such as on the trailing and leading edges
of a hypersonic vehicle, cutting tools, and refractory materials.[1–4] High entropy borides
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(HEBs) are a class of UHTCs characterized as having a solid solution of four or more
transition metal borides. They can exhibit higher hardness than the individual diboride
constituents, and may also show improved oxidation resistance.[1, 5]
Elevated temperature mechanical properties for HEBs have not been reported to date.
However, elevated temperature mechanical properties of most of the individual diborides
that comprise the HEB in the current study have been reported. Neuman et al. reported the
elevated mechanical properties for a hot pressed ZrB2 ceramic with 0.5 wt% C additions
up to 2300°C.[6, 7] The room temperature strength was ∼380 MPa decreasing to ∼175
MPa at 2300°C. Murchie et al. reported the elevated temperature mechanical properties
for a borothermally synthesized hot pressed ZrB2 ceramic to 2300°C.[8] The strength at
room temperature was ∼450 MPa, decreasing to ∼ 200 MPa at 1800°C, before increasing to
360 MPa at 2300°C. Wuchina et al. reported the strengths for a hot pressed HfB2 ceramic
in three point bending.[9] The strength at room temperature was ∼340 MPa which stayed
consistent up to 1600°C. Demirskyi et al. reported the strength of a NbB2 ceramic at room
temperature to be ∼410 MPa increasing slightly to ∼470 MPa at 1800°C.[10] Demirskyi
and Vasylkiv reported the elevated mechanical properties for a ZrB2 -TaB2 ceramic that was
spark plasma sintered at 2300°C with an average grain size of 4 to 8 𝜇m. The ZrB2 -TaB2
ceramic was tested in three-point bending and had a room temperature strength of ∼390
MPa decreasing to ∼250 MPa at 1800°C.[11] Zhang et al. reported the room temperature
strength for a hot pressed TaB2 ceramic to be ∼550 MPa.[12] To the authors’ knowledge, no
elevated temperature strengths have been reported for nomimally pure TaB2 . No reported
strengths for MoB2 and WB2 ceramics at room temperature or elevated temperature.
The objective of the present work was to investigate the elevated temperature mechanical properties of a (Hf,Mo,Nb,Ta,W,Zr)B2 .
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2. PROCEDURE
2.1. PROCESSING
(Hf,Mo,Nb,Ta,W,Zr)B2 ceramics were produced by a two-step synthesis method
consisting of a solid-state borocarbothermal reduction (BCTR) of oxide powders. Solid
solution formation and densification by was performed by spark plasma sintering (SPS)
similar to a process utilized by Feng et al.[13]
Commercially available oxide powders were batched in stoichiometric ratios to
achieve an equimolar composition of the HEB. The powders were attrition milled in acetone
for 3 hours with 3 mm diameter spherical yttria-stabilized ZrO2 media. The slurry was
dried by rotary evaporation and 11 wt% excess boron carbide and 4.5 wt% less than the
calculated stoichiometric ratio for the carbon black were added to the oxide powder mixture.
The mixture was then ball mixed for 6 hours in acetone and then dried. Dried powder was
passed through a 50 mesh screen and uniaxial pressed into ∼ 57 mm disc using a ∼ 0.5 MPa
load.
Powder compacts were reacted in a resistively heated graphite element furnace under
vacuum. After reaction, the powder compacts were crushed and passed through a 50 mesh
screen prior to densification. Powders were densified by SPS under vacuum in a 40 mm
diameter die. More information on the process utilized in the production of these billets is
explained in a prior work.

2.2. CHARACTERIZATION
Microstructures were examined using scanning electron microscopy (SEM; Raith
eLine Plus, Dortmund, Germany). Cross-sections of billets were polished to a 0.25 𝜇m
finish using progressively finer diamond abrasives. Grain sizes were measured from SEM
images using computerized image analysis software (ImageJ, National Institutes of Health,
Bethesda, MD) by measuring the Feret diameter and fitted ellipse of at least 400 grains.
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Raman spectroscopy (Aramis Labram, Horiba Jobin Yvon, Edison, NJ) was performed
using a He-Ne laser, no filter, 500 𝜇m hole, a slit size of 300 𝜇m at 50x magnification.
(XRD) analysis was performed utilizing a PANalytical X-Pert Pro diffractometer (Malvern
Panalytical Ltd., Royston, United Kingdom). Ni-filtered, Cu-K𝛼 (radiation (𝜆 = 1.540562
) was used as the x-ray source. The accelerating voltage was set to 45 keV and the filament
current was set to 45 mA. The density of dense billets was measured using a modified
Archimedes’ method. Billets were boiled in distilled water for two hours, and then placed
under mild vacuum (∼ 16 kPa) for 30 minutes prior to measurement.

2.3. MECHANICAL TESTING
Elevated temperature mechanical testing followed ASTM C1211 using a mechanical
testing apparatus consisting of a screw-driven instrumented load frame (33R4204, Instron,
Norwood, MA), and an inductively heated (SI-30KWLF, Superior Induction Technology,
Pasadena, CA) graphite hot zone inside an environmental chamber.[14, 15] Temperature
was controlled using a single optical pyrometer (E1MH, Fluke, Everett, WA) and a programmable PID controller (2404, Eurotherm, Ashburn, VA). ASTM C1211 type-A bars (25
mm x 2 mm x 1.5 mm) were loaded onto a fully articulating graphite four-point bend fixture
(20 mm outer span and 10 mm inner span) and secured using a cyanoacrylate adhesive.
The environmental chamber was evacuated to ∼50 kPa and backfilled with argon two times.
Specimens were heated at ∼75°C/min to the test temperature and held for 5 minutes to allow
for temperature equilibration prior to testing. The crosshead displacement rate was varied
with temperature to maintain a linear elastic response to failure in accordance with ASTM
C1211. The reported strengths were the average of five test bars at each temperature tested.
Fracture toughness was measured by the chevron notch beam method in four-point
bending using a fully articulated test fixture using short type-A bars (25 mm x 3 mm x 4 mm)
according to ASTM C1421. The chevron notch was machined using a dicing saw (Accu-cut
5200; Aremco Products, Ossining, NY) with 150 𝜇m thick diamond wafering blade. The
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crosshead rate was varied with temperature as shown in Table 1. For elevated temperature
testing, the same procedure was utilized as the strength testing. After testing, the notch
dimensions were measured using a digital microscope (KH-8700; Hirox-USA, Hackensack,
New Jersey). Five specimens were tested at room temperature and three specimens were
tested at each elevated temperatures used for flexure testing.
Table 1. Summary of Mechanical Properties of HEB
Temperature
Crosshead Rate
(°C)
Strength (mm/min)
RT
1000
1200
1400
1600

0.25
0.4
0.8
1.1
1.6

Strength
(MPa)
528 ± 53
181 ± 18
567 ± 140
776 ± 55
802 ± 92

Crosshead Rate
Fracture Toughness
Toughness
(MPa·m1/2 )
(mm/min)
0.0045
0.009
0.014
0.036
0.045

3.9 ± 1.15
3.2 ± 0.7
3.1 ± 0.7
3.9 ± 0.9
6.5 ± 0.5

3. RESULTS AND DISCUSSION
3.1. MICROSTRUCTURE
Based on SEM microstructural analysis, the (Hf,Mo,Nb,Ta,W,Zr)B2 HEB ceramics
produced in this study appeared to be fully dense with equiaxed grains (Figure 1). The
microstructure does also contain a small volume fraction (< 1vol%) of uniformly dispersed,
residual C/B4 C that is visible as a darker phase at the grain boundaries in Figure 1 as
determined by Raman spectroscopy. The amount present did not change as a function of
testing temperature. A secondary phase is also observed at the grain boundaries of the
material and is likely a residual oxide impurity from the incomplete reaction of the initial
oxide powders. The theoretical density was calculated to be 8.87 g/cm3 using the lattice
parameters from the diffraction pattern by using Rietveld refinement of the XRD data with
a measured bulk density of 9.05 g/cm3 .
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Figure 1. Representative polished microstructure of HEB. The light grey phase is the
(Hf,Mo,Nb,Ta,W,Zr)B2 HEB, and the black phase is residual C/B4 .

Table 2 shows the average grain size, maximum grain size, and aspect ratio for the
room temperature (as processed) material and after flexure testing at elevated temperatures.
The average grain size stayed relatively constant at ∼6 𝜇m across all test temperatures. The
maximum grain size measured also stayed within the range of 15 𝜇m to 21 𝜇m. Further,
the amount of C/B4 C second phase also did not appear to change as a function of test
temperature as shown in Figure 2.
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Table 2. Summary of average and maximum grain sizes of HEB following elevated temperature testing (all values are in microns).
Temperature
(°C)
Average
grain size
RT
1000
1200
1400
1600

Calculated critical flaw size
(Y = 1.29, 1.39, 1.59)

HEB

6.2 ± 2.3
7.4 ± 2.5
7.1 ± 2.3
5.7 ± 1.8
5.5 ± 1.8

Maximum
Aspect ratio
grain size
17
18
21
15
17

1.5 ± 0.4
1.4 ± 0.3
1.4 ± 0.3
1.4 ± 0.3
1.4 ± 0.3

32 ± 20 , 28 ± 17, 21 ± 13
191 ± 88, 164 ± 77, 126 ± 58
17 ± 11 , 15 ± 10, 12 ± 8
15 ± 3 , 13 ± 6, 11 ± 5
39 ± 11 , 34 ± 9, 26 ± 7

Figure 2. SEM images of representative microstructures following elevated temperature
testing at (A) 1000°C, (B) 1200°C, (C) 1400°C, and (D) 1600°C. The light grey phase is
the (Hf,Mo,Nb,Ta,W,Zr)B2 HEB, and the black phase is residual C/B4 .
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3.2. MECHANICAL PROPERTIES
Flexural strength and fracture toughness were measured to be 528 ± 53 MPa and
3.9 ± 1.2 MPa·m1/2 , respectively. A Griffith-type analysis was utilized for estimating the
critical flaw sizes of the HEB material with Y factors were selected based on the measured
aspect ratios of grains, as outlined in ASTM C1322. The secondary oxide phase and residual
carbon/boron carbide was significantly smaller than the average grain size of the HEB phase
and should affect the strength. A few different Y crack geometry constants were used based
on the measured aspect ratios of the grains, which were in the range from c = a (Y= 1.29),
c = 1.4a (Y = 1.39), and c = 2a (Y = 1.59). The critical flaw sizes calculated for these Y
parameters were 32 ± 20, 28 ± 17 𝜇m, and 21 ± 13 𝜇m, respectively. The largest grain
measured was ∼ 17 𝜇m which matches the calculation, so the critical flaw of the material
is likely the largest grain size.
Fracture toughness and flexural strength measurement results, from specimens tested
from RT to 1600°C, are summarized in Table 1. The crosshead rates used for strength testing
ranged from 0.25 mm/min at room temperature to 1.6 mm/min at 1600°C, with an increasing
crosshead rate to minimize slow crack growth effects and maintain inert failure as per ASTM
C1211. For fracture toughness testing, crosshead rates also increased as a function of test
temperature for the same reason, increasing from 0.0045 mm/min at room temperature to
0.045 mm/min at 1600°C.
Strength decreased from ∼530 MPa at room temperature to ∼180 MPa at 1000°C.
Strength then increased to ∼570 MPa at 1200°C and kept gradually increasing to ∼800
MPa at 1600°C. Fracture toughness decreased from ∼3.9 MPa·m1/2 at room temperature to
∼3.1 MPa·m1/2 at 1200°C before increasing to ∼6.5 MPa·m1/2 at 1600°C. The increase in
fracture toughness at 1600°C could be an effect of the material softening slightly, although
no abnormal deformation of the bars was observed.
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The critical flaw size as a function of temperature (Table 2) was estimated using a
Griffith-type analysis. The measured flexure strength and fracture toughness values (Table
1) were used along with different geometric factors based on the measured aspect ratios
of the grains. The measured aspect ratios for all test temperatures stayed consistent at c
= ∼1.4a. As a result, three geometric factors were selected for the Griffith-type flaw size
calculations; c = a (Y= 1.29), c = 1.4a (Y = 1.39), and c = 2a (Y = 1.59). The range
of critical flaw sizes calculated from the room temperature data matched the largest grain
measured in the material of ∼17 𝜇m. The critical flaw sizes calculated from the 1000°C
data were much larger than the maximum grain size and ranged from 126 𝜇m to 191 𝜇m.
This deviation will be discussed in more detail below. Based on the 1200°C and 1400°C
data, the critical flaw sizes again aligned well with the largest grain sizes measured in the
material, indicating that the largest grain is likely the critical flaw for these test temperatures.
The calculated critical flaw size for 1600°C deviated slightly from the largest grain size
measured at this temperature to 26 to 39 𝜇m. This can likely be attributed to the increase in
fracture toughness from ∼3.9 MPa·m1/2 at 1400°C to ∼6.5 MPa·m1/2 at 1600°C due to the
material softening. When the initial flexure testing was performed to find the maximum test
temperature, tests conducted at 1700°and 1800°C suffered from bars plastically deforming,
which resulted in the maximum test temperature of 1600°C. Flexure tests at 1600°required
a rate of 1.6 mm/min for the test to be valid according to the ASTM test method. It is likely
that the slow rate utilized for fracture toughness testing may not have been fast enough
to reduce the effects of the softening due to the low melting oxide impurities at the grain
boundaries.
The decrease in strength at 1000°C is likely controlled by oxidation of the test bars.
Figure 3 and Figure 4 shows the as tested tensile surface and fracture surfaces, respectively,
of the bars after cooling to room temperature. First, an oxide scale is present on the tensile
surface of all the test bars, along with some apparent oxidation on the fracture surfaces of at
least the bars tested at 1000°C and 1200°C. Second, there also appears to be visual surface
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cracks on the tensile surface. The cracking might be a result of testing, but the amount
of visible cracking appears to decrease with increasing temperature, with the test bars at
1000°C having the largest cracks (∼19 𝜇m in size). This crack size does not match the
previous Griffith calculations, but it may be possible for the cracks to be more interconnected
than what can be observed in the SEM images. Figure 5 shows an example of a type of
flaw observed on the tensile side of a fracture surface for a specimen tested at 1000°C. The
depth of the flaw measures ∼190 𝜇m which is close to the calculated flaw size of 191 𝜇m
for the Y = 1.29 crack geometry constant. A crack along the flaw can be observed, and it
may be possible the cracking observed on the surface of test bars interlinked and caused a
larger flaw to form.

Figure 3. SEM images of representative, as tested tensile surfaces of HEB flexure bars
following elevated temperature testing at (A) 1000°C, (B) 1200°C, (C) 1400°C, and (D)
1600°C.
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Figure 4. SEM images of representative, fracture surfaces of the (Hf,Mo,Nb,Ta,W,Zr)B2
HEB flexure bars following elevated temperature testing at (A) 1000°C, (B) 1200°C, (C)
1400°C, and (D) 1600°C.

Table 3 shows the elevated temperature mechanical properties of a two nomimally
pure ZrB2 studies and a ZrB2 -TaB2 ceramic study. The strength decrease for the ZrB2
tested by Murchie et al. was attributed to a combination of effects including oxidation,
stress relaxation, and decreasing in the elastic modulus of the test bars.[8] Neuman et
al. attributed the decrease in the strength of the ZrB2 to relaxation of residual thermal
stresses.[6] The ZrB2 -TaB2 ceramic was tested in three-point bending and had a room
temperature strength of ∼390 MPa decreasing to ∼250 MPa at 1800°C.[11] Demirskyi et
al. reported a fracture of the ceramic in a plastic manner resulting in the lower strength.
Strengths across all elevated temperatures tested were higher in the HEB than the individual
boride components.
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Figure 5. SEM images of tensile surface of HEB flexure bar following elevated temperature
testing at 1000°C. The black line in (A) is to help show flaw boundary. (A) low magnification, (B) high magnification, showing crack around the observed flaw.

Table 3. Summary of Mechanical Properties of Different ZrB2 based Ceramics
Composition

Mean Grain Size
(𝜇m)

𝜎 𝑅𝑇
(MPa)

𝜎 1400°𝐶
(MPa)

ZrB2 + 0.5C
ZrB2
ZrB2 -TaB2

∼20
∼10
4 to 8

381 ± 41
447 ± 36
393 ± 29

304 ± 45
-

𝜎 1500°𝐶
(MPa)

𝜎 1600°𝐶
(MPa)

205 ± 41 205 ± 34
254 ± 31
336 ± 23

Reference
[7]
[8]
[11]

4. SUMMARY
The mechanical properties of a (Hf,Mo,Nb,Ta,W,Zr)B2 high-entropy diboride (HEB)
ceramic were measured at room and elevated temperatures up to 1600°C. The
(Hf,Mo,Nb,Ta,W,Zr)B2 ceramics produced had average grain size of ∼6 𝜇m across all
temperatures tested. The room temperature flexural strength was 528 MPa with a fracture
toughness of 3.9 MPa·m1/2 . Strength decreased to 181 MPa at 1000°C and then increased
to 802 MPa at 1600°C. Fracture toughness decreased to 3.1 MPa·m1/2 at 1200°C before
increasing to 6.5 MPa·m1/2 at 1600°C. The strength at room temperature was controlled
by the largest grain size which was measured to be ∼18 𝜇m. The strength at 1000°C was
controlled by oxidation of the test bars. Above 1000°C the largest grain size was determined
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to be the critical flaw. Based on these results, reducing the amount of oxide impurities at
the grain boundaries would likely be a way to improve the elevated temperature mechanical
properties.

ACKNOWLEDGEMENTS
The authors would like to thank the Missouri S&T Advanced Characterization
Laboratory for assistance with specimen characterization. Funding for the project was
provided by GE Research under the project "Chemical Compatibility of Refractory High
Entropy Alloys with Ultra-High Temperature Ceramics." The authors would like to thank
program manager Andrew Detor for his support on this work.

REFERENCES
[1] Gild, J., Zhang, Y., Harrington, T., Jiang, S., Hu, T., Quinn, M. C., Mellor, W. M.,
Zhou, N., Vecchio, K., and Luo, J., ‘High-Entropy Metal Diborides: A New Class of
High-Entropy Materials and a New Type of Ultrahigh Temperature Ceramics,’ Scientific Reports, 2016, 6(October), p. 37946, ISSN 2045-2322, doi:10.1038/srep37946.
[2] Zhang, Y., Jiang, Z. B., Sun, S. K., Guo, W. M., Chen, Q. S., Qiu, J. X.,
Plucknett, K., and Lin, H. T., ‘Microstructure and mechanical properties of highentropy borides derived from boro/carbothermal reduction,’ Journal of the European Ceramic Society, 2019, 39(13), pp. 3920–3924, ISSN 1873619X, doi:
10.1016/j.jeurceramsoc.2019.05.017.
[3] Tallarita, G., Licheri, R., Garroni, S., Orrù, R., and Cao, G., ‘Novel processing route
for the fabrication of bulk high-entropy metal diborides,’ Scripta Materialia, 2019,
158, pp. 100–104, ISSN 13596462, doi:10.1016/j.scriptamat.2018.08.039.
[4] Tallarita, G., Licheri, R., Garroni, S., Barbarossa, S., Orrù, R., and Cao, G., ‘Highentropy transition metal diborides by reactive and non-reactive spark plasma sintering:
A comparative investigation,’ Journal of the European Ceramic Society, 2020, 40(4),
pp. 942–952, ISSN 1873619X, doi:10.1016/j.jeurceramsoc.2019.10.031.
[5] Backman, L., Gild, J., Luo, J., and Opila, E. J., ‘Selective Oxidation in Refractory
High Entropy Materials Lavina Backman,’ 2019.
[6] Neuman, E. W., Hilmas, G. E., and Fahrenholtz, W. G., ‘Strength of zirconium diboride
to 2300°C,’ Journal of the American Ceramic Society, jan 2013, 96(1), pp. 47–50,
ISSN 00027820, doi:10.1111/jace.12114.

90
[7] Neuman, E. W., Hilmas, G. E., Fahrenholtz, W. G., and Cinibulk, M., ‘Ultra-high temperature mechanical properties of a zirconium diboride-zirconium carbide ceramic,’
Journal of the American Ceramic Society, 2016, 99(2), pp. 597–603, ISSN 15512916,
doi:10.1111/jace.13990.
[8] Murchie, A. C., Watts, J. L., Fahrenholtz, W. G., and Hilmas, G. E., ‘Mechanical Properties of Borothermally Synthesized Zirconium Diboride at Elevated Temperatures,’
International Journal of Applied Ceramic Technology, 2021, 18(4), pp. 1235–1243,
ISSN 1546-542X, doi:10.1111/ijac.13755.
[9] Wuchina, E., Opeka, M., Causey, S., Buesking, K., Spain, J., Cull, A., Routbort, J., and Guitierrez-Mora, F., ‘Designing for ultrahigh-temperature applications: The mechanical and thermal properties of HfB2 , HfCx, HfNx and 𝛼Hf(N),’
Journal of Materials Science, 2004, 39(19), pp. 5939–5949, ISSN 00222461, doi:
10.1023/B:JMSC.0000041690.06117.34.
[10] Demirskyi, D., Solodkyi, I., Nishimura, T., and Vasylkiv, O. O., ‘Fracture and property
relationships in the double diboride ceramic composites by spark plasma sintering of
TiB2 and NbB2 ,’ Journal of the American Ceramic Society, 2019, 102(7), pp. 4259–
4271, ISSN 15512916, doi:10.1111/jace.16276.
[11] Demirskyi, D. and Vasylkiv, O., ‘Flexural strength behavior of a ZrB2 –TaB2 composite
consolidated by non-reactive spark plasma sintering at 2300 °C,’ International Journal
of Refractory Metals and Hard Materials, 2017, 66, pp. 31–35, ISSN 22133917,
doi:10.1016/j.ijrmhm.2017.02.003.
[12] Zhang, X., Hilmas, G. E., and Fahrenholtz, W. G., ‘Synthesis, densification, and
mechanical properties of TaB2 ,’ Materials Letters, 2008, 62(27), pp. 4251–4253,
ISSN 0167577X, doi:10.1016/j.matlet.2008.06.052.
[13] Feng, L., Fahrenholtz, W. G., and Hilmas, G. E., ‘Two-step synthesis process for highentropy diboride powders,’ Journal of the American Ceramic Society, 2020, 103(2),
pp. 724–730, ISSN 15512916, doi:10.1111/jace.16801.
[14] Neuman, E. W., Fahrenholtz, W. G., and Hilmas, G. E., ‘Factorial design to minimize
residual oxygen in reaction hot-pressed zirconium diboride,’ International Journal
of Applied Ceramic Technology, 2017, 14(4), pp. 636–643, ISSN 1546542X, doi:
10.1111/ijac.12685.
[15] ‘ASTM C1161-18 Standard Test Method for Flexural Strength of Advanced Ceramics
at Ambient,’ 2018, doi:10.1520/C1161-02CR08E01.2.

91
SECTION

3. CONCLUSIONS AND RECOMMENDATIONS

3.1. CONCLUSIONS
The research investigated in this dissertation expanded the knowledge of UHTCs by
answering the questions posed in the Introduction.
• What are the room and elevated temperature mechanical properties of a nominally
phase pure ZrB2 ceramic, and What are the microstructural-mechanical property
relationships for this material?
To answer this question, high purity ZrB2 was hot-pressed at 2000°C utilizing
borothermally synthesized powder from high purity ZrO2 and amorphous boron raw materials. At room temperature, the flexural strength (four-point bending) was 447 MPa and the
fracture toughness (chevron notch) was 2.3 MPa·m1/2 , respectively. The strength decreased
to 196 MPa at 1800°C, and then increased to 360 MPa at 2300°C. The strength up to
1800°C was identified to likely be controlled by a combination of effects; surface damage
from oxidation of the specimens; stress relaxation; and/or decreases in the elastic modulus.
Fracture toughness increased to 3.1 MPa·m1/2 at 2200°C. A Griffith style analysis was used
to identify the largest grain size plus pore to be the critical flaw size for strengths above
1800°C. The increasing strength above 1800°C was likely caused by transitioning from an
oxidizing furnace environment to an inert environment and having minimal low melting
temperature impurities at the grain boundaries due to the use of higher purity starting raw
materials.
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• What are the room and elevated temperature mechanical properties of a ZrB2 -WCSiC ceramic which utilizes the higher purity ZrB2 , and What are the microstructuralmechanical property relationships for this material?
ZrB2 -WC-SiC ceramics were produced by ball mixing high purity ZrB2 and commercially available WC and SiC powders and then hot pressing the powders at 2000°C.
X-ray diffraction showed ZrB2 and WB in the final microstructure. SiC was not observed
due to its lower relative x-ray intensity and lower volume content. Strength at room temperature was measured to be 510 MPa and stayed nearly constant up to 2100°C with a strength
of 520 MPa. Strength retention into the ultra-high temperature regime was likely due to a
combination of multiple factors. The small WC and SiC addition are believed to aid in the
strength retention by the removal of oxide impurities from the microstructure, and in the
case of SiC provide some amount of oxidation protection.
• What are the room and elevated temperature mechanical properties of a
(Hf,Mo,Nb,Ta,W,Zr)B2 high entropy diboride, and what are the microstructuralmechanical property relationships for this material?
A (Hf,Mo,Nb,Ta,W,Zr)B2 high-entropy diboride ceramic was sintered at 2000°C.
The average grain size was measured to be 6 ± 2 𝜇m with a maximum grain size of 17
𝜇m. Small amounts of carbon and B4 C were still present in the microstructure, with
a secondary oxide phase being found at the grain boundaries. The room temperature
mechanical properties of the (ZrNbMoHfTaW)B2 were measured; flexural strength was
528 ± 53 MPa, Young’s modulus was 520 ± 12 GPa, fracture toughness was 3.9 ± 1.2
MPa·m1/2 and hardness was 33.1 ± 1.1 GPa. Strength decreased from ∼530 MPa at room
temperature to ∼180 MPa at 1000°C. Strength then increased to ∼570 MPa at 1200°C
and kept gradually increasing to ∼800 MPa at 1600°C. Fracture toughness decreased from
∼3.9 MPa·m1/2 at room temperature to ∼3.1 MPa·m1/2 at 1200°C before increasing to ∼6.5
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MPa·m1/2 at 1600°C. A Griffith type analysis was utilized and determined the strengthlimiting flaw of the HEB material to be the largest grains in the microstructure for all
temperatures except 1000°C.

3.2. RECOMMENDATIONS
The research presented in this work focused on several diboride based ceramics at
elevated temperatures. Several avenues of future work are presented in this section for
advancing ways of improving the body of knowledge for diboride based ceramics.
3.2.1. High Temperature Elastic Modulus. Strength and fracture toughness were
measured at elevated temperature in this dissertation, but elastic modulus was not. There
is little information in the technical literature on the measured high temperature elastic
modulus of UHTCs. The incorporation of a deflectometer to directly measure the deflection
of mechanical specimens in bending at elevated temperatures would provide a more accurate
method of measuring elastic modulus as a function of temperature. Careful consideration
will be needed to design a point contact to the test bar such that it does not interact or
damage the bar in any way, causing invalid results.
3.2.2. Design of Experiments for SiC and WC Additions in ZrB2 . The body of
research surrounding SiC and WC additions in ZrB2 is expanding, but have been centered
around a few different compositions. The use of a design of experiments would provide
a robust methodology to determine the effects of SiC and WC individually and together.
This research may also aid in developing other compositions which may provide better
oxidation resistance, or higher strength retention, compared to current studies presented in
the literature.
3.2.3. SiC and WC Additions in Other Diboride Based Ceramics. SiC and WC
additions in diboride based ceramics has focused primarily around ZrB2 . Other diboride
materials such as HfB2 , TiB2 , and TaB2 may benefit from additions of SiC and WC in the
microstructure. Diborides that have high solid solution capabilities with W are likely ones
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that would be of most interest, as this would allow the formation of a high-volume fraction
of core-shell microstructures. Additionally, it may be of interest to test diborides that form
complete solid solution with one another (i.e. ZrB2 and TiB2 ) with WC and SiC additions.
Studies into the elevated temperature mechanical properties of these materials could prove
beneficial in finding other material systems that can maintain elevated temperature strengths,
such as been shown in ZrB2 with SiC and WC additions.
3.2.4. Thermal and Mechanical Properties of High Entropy Diborides. Little
information on the thermal and mechanical properties of high entropy diborides exists in
the literature. In the work presented in this dissertation, oxide impurities at the grain
boundaries limited the ultimate test temperature. Reducing or removing the oxide impurity
would likely aid in improving the highest test temperature these materials can be studied at.
Care should be taken to maintain solid solutions with small grain sizes in order to improve
the mechanical properties. Studies into the thermal and mechanical properties should be
explored at room temperature and elevated temperature to gain a better understanding of
this material system. Thermal conductivity, heat capacity, strength, fracture toughness,
hardness, and elastic modulus are a few thermal and mechanical properties which should
be further explored.
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